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Abstract

The immune response and specific antibody production in COVID-19 are among the key
factors that determine both prognostics for individual patients and the global perspective for
controlling the pandemics. So called “dark figure”, that is, a part of population that has been
infected but not registered by the health care system, make it difficult to estimate herd immu-
nity and to predict pandemic trajectories. Here we present a follow up study of population
screening for hidden herd immunity to SARS-CoV-2 in individuals who had never been posi-
tively diagnosed against SARS-CoV-2; the first screening was in May 2021, and the follow
up in December 2021. We found that specific antibodies targeting SARS-CoV-2 detected in
May as the “dark figure” cannot be considered important 7 months later due to their signifi-
cant drop. On the other hand, among participants who at the first screening were negative
for anti-SARS-CoV-2 IgG, and who have never been diagnosed for SARS-CoV-2 infection
nor vaccinated, 26% were found positive for anti-SARS-CoV-2 IgG. This can be attributed to
of the “dark figure” of the recent, fourth wave of the pandemic that occurred in Poland shortly
before the study in December. Participants who were vaccinated between May and Decem-
ber demonstrated however higher levels of antibodies, than those who undergone mild or
asymptomatic (thus unregistered) infection. Only 7% of these vaccinated participants dem-
onstrated antibodies that resulted from infection (anti-NCP). The highest levels of protection
were observed in the group that had been infected with SARS-CoV-2 before May 2021 and
also fully vaccinated between May and December. These observations demonstrate that
the hidden fraction of herd immunity is considerable, however its potential to suppress the
pandemics is limited, highlighting the key role of vaccinations.
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Introduction

The new virus SARS-CoV-2 identified at the end of 2019, through its rapid spread, has caused
a global epidemic, overloading or even paralyzing healthcare systems worldwide [1]. To date,
efforts directed at therapeutic options for coronavirus disease remain limited, which is why it
is so important to target the fight against the pathogen by understanding COVID-19 immu-
nology, which should translate into reducing the spread of SARS-CoV-2 and ending the pan-
demic [2, 3].

Despite over 440 million confirmed cases of COVID-19, the true prevalence of infection
remains significantly underestimated due to a fraction of asymptomatic and oligosymptomatic
infections as well as to limited abilities of robust diagnostics worldwide [4-7]. The serological
response and the association with clinical symptoms are important in understanding the path-
ogenesis of COVID-19 [8]. The kinetics of antibody responses after COVID-19 are increas-
ingly described in the literature to date, with early data showing divergent results regarding
antibody responses in groups differing in disease severity. Most of the immunological studies,
however, show that severe COVID-19 triggers an earlier and more intense immune response
in hospitalized patients [8-10]. Many studies focus on assessing the immune response after
vaccination, typically showing higher antibody titers in convalescents than in healthy individu-
als. The results of cohort studies that are currently available confirm the protective effect of
natural infection. This protection persists for five to eight months, while pharmaceutical com-
panies have defined the expected duration of the immune response of the vaccine as six
months after the second dose [11]. Also, a significant decrease in antibody levels in COVID-
19-patients more than 6 month after being discharged from the hospital has been observed
[12].

Due to the rapid spread of the epidemic, there is still insufficient knowledge about safe and
effective vaccination strategies, and it is not known which vaccination strategies will be most
beneficial [11]. More complex is the question of how far observations from infections with one
SARS-CoV-2 variant can be extrapolated to a different one. In view of the above, studies on
antibody titers and the duration of the immune response in different groups of individuals
appear to be necessary to understand and predict the protective mechanisms of anti-SARS--
CoV-2 antibodies in COVID-19.

Here we present a follow-up study for a population screening for SARS-CoV-2 specific anti-
bodies in Polish citizens (N = 501) who had never been positively diagnosed with or vaccinated
against SARS-CoV-2 [7]. In that group we identified a significant, hidden fraction of individu-
als who had developed anti-SARS-CoV-2 antibodies. In this study we evaluated IgG specific to
viral nucleocapsid protein (NCP) and to receptor binding domain within spike protein (RBD)
7 months after the first screening for SARS-CoV-2 antibodies, seeking to understand how the
antibody levels change with time in patients who were affected by an asymptomatic to a mild
course of infection (non-hospitalized). We include an additional immunological factor, vacci-
nation, since a part of that group was vaccinated during 7 months after the first screening for
SARS-CoV-2 antibodies. We also include observation of kinetics on the same types of antibod-
ies in patients hospitalized due to COVID-19.

Material and methods
Population screening (inclusion/exclusion criteria)

This study is a follow-up of the anti-SARS-CoV-2 antibody screening completed on 15 and 22
May 2021 in healthy individuals who had not been previously vaccinated against COVID-19
and had never been positively diagnosed for SARS-CoV-2 infection [7]. In the period between
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May and December 2021 the fourth wave of COVID-19 occurred, with the Delta variant con-
tribution assessed as almost 100% from mid-October until the end of the year. That wave
peaked around 28th November to 10th December, with 7-day averages exceeding 23 000 con-
firmed SARS-CoV-2 infections [13].

The blood samples for re-evaluation of the anti-SARS-CoV-2 antibodies were collected in
Wroclaw (Poland) on December 11, 2021, that is approximately 7 months after the first testing.
Out of 501 people screened for SARS-CoV-2 antibodies in May 2021, participants were
included in the follow-up study considering previous serological status as identified in the first
study and status of vaccination. Those who were affected by diagnosed COVID-19 between
May and December 2021 and participants who were partially vaccinated or fully vaccinated
but less than 4 weeks before December 11, 2021 were excluded; two doses of Pfizer-BioNTech,
Moderna or Astra Zeneca vaccine, or a single dose with the Johnson & Johnson vaccine were
considered the full vaccination. Groups were also unified for demographic parameters. Out of
218 preselected participants, 109 confirmed their availability in the indicated time, agreed to
participate in the repeated testing, and entered the study (Fig 1).

MAY
( 501donors
continuation
DECEMBER
( 109 donors
non-infected before infected before
May 2021 May 2021

( 67 donors ) ( 42 donors )

GO G ©

non-infected before non-infected before infected before May, infected before May,

May, non- May, vaccinated non-vaccinated vaccinated between
vaccinated between petween May and  between May and  May and December
May and December December December

Fig 1. The flow chart presenting recruitment of participants.

https://doi.org/10.1371/journal.pone.0274095.9001
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Information on participants’ comorbidities was available from data completed at the first
screening on May 2021. All participants were interviewed for possible COVID-19 diagnosis,
for current infection symptoms, as well as smoking status, their height and weight.

The following groups were selected:

Group 1 (N-, V-): Participants seronegative for SARS-CoV-2 antibodies in May 2021 (anti-
NCP-negative), non-vaccinated; N = 38

Group 2 (N-, V+): Participants seronegative for SARS-CoV-2 antibodies in May 2021 (anti-
NCP-negative), fully vaccinated before December 2021; N = 29

Group 3 (N+, V-): Participants seropositive for SARS-CoV-2-specific IgG antibodies in May
2021 (anti-NCP-IgG positive) and non-vaccinated; N = 25

Group 4 (N+, V+): Participants seropositive for SARS-CoV-2-specific IgG antibodies in May
2021 (anti-NCP-IgG positive), fully vaccinated before December 2021; N = 17

Of note, all vaccinated participants took the vaccination individually; therefore they could
be vaccinated at different time points within May and December, and with different types of
vaccines; most of them were vaccinated with the Pfizer vaccine (65%, 30 out of 46). Also, we
aimed to select groups with the highest possible similarity of demographic parameters, either
when compared between groups or when compared to the overall parameters of the whole Pol-
ish population. However, availability of participants who could meet these requirements was
limited. A comparison of the demographics of the study groups with each other and with the
general Polish population is presented in the S1 and S2 Figs.

Patients hospitalized due to COVID-19

Anti-SARS-CoV-2 antibody levels were also analysed in non-vaccinated patients hospitalised
for COVID-19 (over 18 years old, N = 47) in the specialized COVID-19 hospital in Boleslawiec
(Poland). Blood samples were collected at specific time points after the estimated infection, i.e.
at day 5, at day 10, at day 15, at day 30, and at day 90. Depending on the course of the disease,
patients were assigned to 3 groups: mild (N = 21, no assisted respiratory therapy required),
moderate (N = 13, transient, non-invasive assisted respiratory therapy required/a mask), and
severe/critical (N = 12, assisted respiratory therapy with the nasal high-flow cannula or inten-
sive non-invasive assisted respiratory therapy -BiPAP/CPAP or invasive mechanical ventila-
tion). A comparison of the demographics of this group with the general Polish population is
presented in the S3 Fig.

Blood samples

Blood samples were collected in test tubes (BD SST II Advance), left to clot for 1 hour at room
temperature (RT), and separated from the clot by centrifugation (15 min, 2000 g, RT) and
then stored at- 20°C for further use.

Serological diagnostic tests

Microblot-Array COVID-19 IgG and Microblot-Array COVID-19 IgA (TestLine Clinical
Diagnostics s.r.0); cat.no. CoVGMA96, LOT 0100060496 and cat. no. CoVAMA96, LOT
0100066601; the arrays contain selected parts of the specific antigens NCP and RBD of SARS--
CoV-2 virus. According to the manufacturer’s information, IgG-detecting microblot-array
demonstrates diagnostic sensitivity 98.7% and diagnostic specificity 99.3%, IgA-detecting
microblot-array demonstrates diagnostic sensitivity 98.3% and diagnostic specificity 96.2%.
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The tests have been standardized against the 1st WHO international standard for anti-SARS--
CoV-2 immunoglobulin (human): NIBSC code: 20/136, and cut-off for results have been vali-
dated by the manufacturers as follow: less than 185 U-negative, 185-210 U-borderline/
inconclusive, more than 210 —positive. The regulatory status of this test in European Union is
IVD CE (the device complies with the European In-Vitro Diagnostic Devices Directive (IVDD
98/79/EC)).

Bioethics statements

The study was conducted in accordance with the principles of the Declaration of Helsinki. The
research was approved by the local Bioethical Commission of the Regional Specialist Hospital
in Wroclaw (approval number: KB/02/2020, policy No. COR193657). During the individual
interview, all information about the study was provided and written consent was obtained
from each participant. The written consent was accepted by the local Bioethical Commission
of the Regional Specialist Hospital in Wroclaw (approval number: KB/02/2020).

Statistical methods

Categorical variables are presented as absolute numbers and percentages in relation to the
population under investigation. For quantitative variables, arithmetic means, first quartile
(Q25%), median, third quartile (Q75%) and range of variability (extremes) were calculated. To
determine the significance of differences between experimental subgroups, a one-way analysis
of variance (ANOVA) and the Welsh test were performed. To assess differences in antibody
levels between time points the t-test was used. Simple linear or logistic regression was used to
assess the effect of selected variables on antibody levels and vaccination decisions. Chi” test,
Fisher’s test and ordinal logistic regression were used to calculate the relationship between
obesity, anti-RBD/anti-NCP index and severity of the disease. Ordinal logistic regression was
calculated using the MASS package in R programming language [14, 15]. When appropriate,
p-values were adjusted using the false discovery rate (FDR) method [16]. Outliers (points) on
box-and-whiskers plot where determined by Tukey method [17]. Statistical analyses were per-
formed by GraphPad Prism 9.

Results

Dynamics of anti-SARS-CoV-2 seroconversion in Polish population
between May and December 2021

Four groups of participants were investigated: (1) (N-, V-) seronegative for SARS-CoV-2 anti-
bodies in May 2021, non-vaccinated until December 2021, (2) (N-, V+) seronegative for
SARS-CoV-2 antibodies in May 2021 but fully vaccinated between May and December 2021,
(3) (N+, V-) seropositive for SARS-CoV-2-specific IgG antibodies in May 2021 but non-vacci-
nated until December 2021, (4) (N+, V+) seropositive for SARS-CoV-2-specific IgG antibodies
in May 2021 and vaccinated between May and December 2021. Blood sera from these partici-
pants were used to determine levels of antibodies targeting SARS-CoV-2: NCP-specific or
RBD-specific IgG, both qualitative (positive/negative) and quantitative (units per millilitre, U/
ml) analysis was conducted.

In group 1 (N-, V-) we found 29% (11 out of 38) participants positive for SARS-CoV-2-spe-
cific IgG (Table 1). This highlights the rate of unregistered SARS-CoV-2 infections that
occurred between May and December in these participants. Twenty-six percent (10 out of 38)
efficiently developed anti-RBD IgG, the most important antibody fraction in protection from
COVID-19 due to their neutralizing potential [11]. However, the median increase of IgG levels
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Table 1. Individuals identified as positive for anti-SARS-CoV-2 antibodies in the population without registered SARS-CoV-2 infections.

Group 1 (N = 38) negative for anti- | Group 2 (N = 29) negative for | Group 3 (N = 25) positive for anti- Group 4 (N = 17) positive for
NCP IgG in May. non-vaccinated | anti-NCP IgG in May. vaccinated | NCP IgG in May. non-vaccinated | anti-NCP IgG in May. vaccinated

IgG | total 11 (29%) 27 (93%) 19 (76%) 17 (100%)
positive
anti-NCP 10 (26%) 2 (7%) 11 (44%) 3 (18%)
anti-RBD 10 (26%) 27 (93%) 13 (52%) 17 (100%)
IgA | total 8 (21%) 16 (55%) 13 (52%) 17 (100%)
positive
anti-NCP 3 (8%) 0 (0%) 0 (0%) 2 (12%)
anti-RBD 7 (18%) 15 (52%) 12 (48%) 17 (100%)

The number of positive individuals and respective fraction (%) are presented. Antibodies were identified in blood samples after separation of blood sera by clotting and
centrifugation. Microblot-Array testing was applied to qualify IgG level as positive or negative according to the cut-off given by the manufacturer, NCP-nucleocapsid

protein, RBD-receptor binding protein.

https://doi.org/10.1371/journal.pone.0274095.t001

in this group was very weak, consistent with the fact that the majority of the group had no
effective contact with SARS-CoV-2 (Table 1, S1 Table, Fig 2).

In group 2 (N-, V+), 93% (27 out of 29) of participants were found positive for SARS-CoV-
2-specific IgG in December, with the same fraction of individuals who developed anti-RBD
IgG (Table 1). This included a very strong increase of the anti-RBD IgG quantitative median
(from 0.398 to 809.6 U/ml) (Fig 2, S1 Table), demonstrating the good efficacy of RBD-target-
ing antibody production after vaccination. Of note, vaccination provides anti-RBD immuniza-
tion only, since antigens representing NCP are not included. Anti-NCP IgG can be developed
in people who have been infected by SARS-CoV-2. Comparison of anti-NCP IgG in group 1
(non-vaccinated) and in group 2 (vaccinated) reveals that markedly more individuals were
infected with SARS-CoV-2 between May and December in the first group (26% and 7%,
respectively) (Table 1).

In group 3 (N+, V-), 76% (19 out of 25) of participants remained positive for any fractions
of SARS-CoV-2-specific IgG also in December, and 13 of them (52%) presented detectable
anti-RBD IgG (Table 1). However, the median value of this potentially virus neutralizing IgG
fraction markedly decreased from 922.5 U/ml in May to 202.7 U/ml in December (which was
very close to the negative cut-off value of the assay: 210 U/ml) (Fig 2, S1 Table), thus demon-
strating that the potential of SARS-CoV-2-specific IgG developed before May in protection
against repeated infection at the end of the year was very limited (if any).

In group 4 (N+V+) 100% (17 out of 17) of participants tested positive for anti-SARS-CoV-2
IgG (Table 1). In this group also the highest levels of RBD-specific IgG were observed, both as
the median value and as a maximum individual value achieved in any group (Fig 2, S1 Table).

Opverall levels of SARS-CoV-2 specific IgA revealed a similar tendency as IgG in all groups,
though in most cases fewer individuals were positive for the investigated antibody fractions
than those positive for IgG (Table 1).

Seroconversion in patients hospitalized due to COVID-19

Seroconversion was further investigated in 47 unvaccinated patients hospitalized for COVID-
19, since in this group time after infection could be estimated with a relatively high accuracy,
thus making a reference for the general population (unregistered infections). Patients were cat-
egorized into three groups: (1) those showing a disease of mild severity, (2) those with a disease
of moderate severity, and (3) those with a severe to critical course of the disease.
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Fig 2. Comparison of SARS-CoV-2-specific IgG between May and December 2021 in population without
registered SARS-CoV-2 infections. Antibodies were identified in blood samples after separation of blood sera by
clotting and centrifugation. Microblot-Array testing was applied to quantify IgG level (U/ml), NCP-nucleocapsid
protein, RBD-receptor binding protein. One-way analysis of variance (ANOVA) showed month to be a statistically
significant factor (p<0.05) and Welsh’s t-test was used for comparisons between May and December results: median
values are presented (dash), with quartiles 1 and 3 (boxes), and minimum/maximum values (whiskers) after outlier
elimination (Tukey method), dots represent outliers; ns—p>0.05; *~p<0.05; **~p<0.01; *** - p<0.001; ****~
p<0.0001.

https://doi.org/10.1371/journal.pone.0274095.9002

We did not find any significant differences in the antibody responses between infected
male and female patients (S4 Fig, S2 Table); thus further analyses were conducted without gen-
der grouping. We analysed the IgG kinetics at five different time points: day 5, day 10, day 15,
day 30, and day 90 after infection estimated from symptoms onset.

From day 10, we observed an increase in both anti-RBD IgG and anti-NCP IgG antibodies,
which reached high levels on post-infection day 30 and remained at high levels on post-infec-
tion day 90 (Fig 3). Available literature indicates an earlier and more intense immune response
in patients with a severe course of coronavirus disease [10]; here the median values of both
types of antibodies were higher in the group of patients with a severe course of the disease, but
without statistical significance (p>0.05).

Interestingly, by analysis of the anti-N/anti-RBD IgG ratio in each patient at all time points,
we found that at day 15 and 30 after infection, a high ratio correlated positively with chance of
a mild course of the disease (p<0.05). Our observation in the hospitalized individuals is in line
with literature reports presenting similar trends in asymptomatic and light COVID-19 cases
[18]. Also, obesity correlated positively with the disease severity (p = 0.0163), which increased
the risk of moderate or severe course of the disease (p = 0.005). Study reports confirm that obe-
sity increases the risk of both COVID-19-related hospitalisations and death [19].

Discussion

Among the structural proteins of the SARS-CoV-2 virus, spike protein containing the receptor
binding domain (RBD) and nucleocapsid protein (NCP) have been found the most immuno-
genic, thus being first-choice targets for SARS-CoV-2 diagnostics. Evaluation of antibodies tar-
geting RBD has also the highest potential for assessing possible immunological protection
against SARS-CoV-2 infection, due to the neutralising potential of this antibody fraction.
NCP-specific antibodies, in turn, are efficient markers of previous exposure to the virus and
infection, and they are typically developed in parallel to those targeting RBD [9, 20, 21]. Of
note, vaccination (with mRNA or adenoviral vector-based preparations available in Poland)
provides anti-RBD immunization only, since antigens representing NCP are not included in
the preparations. Therefore anti-NCP IgG can be developed as a result of SARS-CoV-2 virus
infection but not vaccination, giving a clear indication that the infection occurred.

In this study we found a considerable fraction (26%) of anti-NCP IgG positive individuals
in the population that had never been diagnosed for COVID-19 either before May 2021 or
between May and December 2021. This reflects the considerable ‘dark figure’ of unregistered
or even undiagnosed SARS-CoV-2 infections that however affect herd immunity. The same
individuals (thus also 26%) demonstrated positive levels of anti-RBD IgG induced by the infec-
tion. Interestingly, the ‘dark figure’ from the previous pandemic waves, which was assessed in
patients representing the same geographical region in May 2021, was highly comparable, at
25.6% [7]. Since pandemic waves before May 2021 in Poland were caused by the Alpha variant
of the virus, while between May and December 2021 the Delta variant dominated, our observa-
tion indicates that the ‘dark figure’ has not changed with the SARS-CoV-2 variant. Of note, in

PLOS ONE | https://doi.org/10.1371/journal.pone.0274095 September 9, 2022 8/14


https://doi.org/10.1371/journal.pone.0274095.g002
https://doi.org/10.1371/journal.pone.0274095

PLOS ONE Dynamics of anti-SARS-CoV-2 seroconversion

anti- Mild Moderate Severe
1500 1500 1500
1000+ — 1000 E-_-r‘l 1000 g
B = T =
500+ 500 500
0 ! ! ! T T 0 T T T T T 0 T T T T T
D5 D10 D15 D30 D90 D5 D10 D15 D30 D90 D5 D10 D15 D30 D90
# * #
# - *
#
anti- Mild Moderate Severe
1500+ 1500~ 1500+
1000 I - — 1000 - ﬁ e 1000- -
500 500 500
0 1 1 1 1 0 T T T T T 0 1 1 1 1 I
D5 D10 D15 D30 D90 D5 D10 D15 D30 D90 D5 D10 D15 D30 D90
* % * k% *
% - #
*

Fig 3. Kinetics of induction of SARS-CoV-2-specific IgG in hospitalized COVID-19 patients; anti-NCP IgG- fraction of IgG specific to nucleocapsid
protein of SARS-CoV-2, anti-RBD IgG- fraction of IgG specific to receptor binding protein of SARS-CoV-2, mild-patients treated without assisted
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p<0.01; *** - p<0.001.

https://doi.org/10.1371/journal.pone.0274095.g003

group 2 (vaccinated, no previous infection), anti-NCP IgG was only observed in 2 individuals
(7%), thus showing the efficacy of vaccination also in controlling unregistered or undiagnosed
(probably asymptomatic to mild) infections with SARS-CoV-2 (Table 1).

As expected, high efficacy of vaccination for the induction of RBD-specific antibodies was
revealed in both vaccinated groups (Table 1), although in 2 individuals (both vaccinated with
adenoviral vector vaccines in August or September) no anti-SARS-CoV-2 antibodies were
detected in December 2021. The literature so far confirms a decrease in the humoral response
after vaccination over time, and studies comparing available vaccine types showed a consider-
able decrease at 8 months of follow-up for the J&J/Janssen vaccine [22, 23]. Recommendations
of the European Medicines Agency (EMA) and the European Centre for Disease Prevention
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and Control (ECDC) based on the analysis of available scientific evidence report higher immu-
nogenicity and the associated increased efficacy of SARS-CoV-2 vaccines when a heterologous
vectored/mRNA vaccine regimen is used, in comparison to immunization with a homologous
adenoviral vector vaccines [24, 25]. This may suggest that in our 2 participants the level of pro-
tective antibodies fell to an undetectable level. Considering the relatively short time after vacci-
nation (3-4 months), they also may belong to non-responders, that is, patients who do not
develop antibodies after vaccination [26].

The overall level of anti-RBD IgG was highest in the individuals who previously (before
May 2021) were infected with SARS-CoV-2, and then they decided to take vaccination. All
these participants (100%) were positive for anti-RBD IgG (Table 1), also demonstrating the
highest levels of these antibodies, markedly higher than those in the individuals also infected
with SARS-CoV-2 before May but not vaccinated (groups 3 and 4 in Fig 2). This observation
highlights the positive role of vaccination in maintaining antiviral immunological protection
in convalescents, and it is consistent with other studies. Trougakos et al. (2021) reported higher
antibody titers induced by vaccination in those who recovered from COVID-19 than in
healthy individuals [10]. Here we observed the same effect in individuals affected by asymp-
tomatic to mild (and unregistered) infections.

This follow-up study was extended with an analysis of whether information that was given
to participants on their serological status in May (n = 501) affected their further decisions on
vaccination. No correlation was found between levels of anti-NCP or anti-RBD antibodies in
May and vaccination/non-vaccination later (p>0.4), thus indicating that serological informa-
tion given to participants had nether an encouraging nor a discouraging effect on them.

Due to the reports confirming the relationship between obesity, smoking, and lower anti-
body titres following COVID-19 vaccination [27], we performed analyses that showed no
influence of BMI, smoking, or allergies on the level of produced antibodies in the studied
groups (simple linear, Welsh test). However, the lack of correlation may be affected by the rela-
tively small size of available subpopulations that were investigated, since other studies in larger
cohorts demonstrated slightly reduced seroconversion in individuals with obesity [28, 29]. The
small cohort size in our study was a limitation that may negatively affect detection of poten-
tially significant factors that affect seroconversion. On the other hand, our cohort was limited
due to agreeing demographic parameters between groups, thus removing potential demo-
graphical bias of results. Of note, in case of non-hospitalized participants, self-reporting of
their BMI parameters (participants declared their weight and height) might however create an
intrinsic bias in that matter. Data on the number of smokers and allergies as well as the distri-
bution of BMI in the studied groups are presented in the S3 and 54 Tables.

We further analysed kinetics of antibody induction in patients hospitalized due to COVID-
19. None of these patients were subjected to cytokine inhibitors, to exclude potential effects on
seroconversion. In hospitalized patients estimation of time of infection could be much better,
and a clear increase of RBD- and NCP-specific antibodies within 2-4 weeks after infection was
demonstrated, without significant differences between groups (mild, moderate, severe) (Fig 3).
Our overall observation is consistent with the study by Yamayoshi et al. (2021) where IgG titers
against RBD proteins S and N peaked around 20 days after the onset of the disease, then gradu-
ally decreased and lasted for several months after the disease onset [30]. This observation
sheds a light on the potential time that could have passed between asymptomatic or oligo-
symptomatic infections that resulted in seroconversion in unregistered convalescents. This
time was probably between 2 weeks and a few months from the infection.

This observation suggests that antibodies observed in the general population (unregistered
cases) could result mainly from the very recent, fourth pandemic wave in Poland, which
started in mid-October and peaked around 28th November to 10th December, with 7-day
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averages exceeding 23 000 confirmed SARS-CoV-2 infections [13], thus making approximately
605 cases per one million citizens. This study further demonstrates that epidemiological analy-
sis based on detection of anti-SARS-CoV-2 seroconversion allows for relatively rapid detection
of recent cases, and it has a limited window of a few months after the pandemic peak of
infections.

Conclusions

In this study we continued population screening for hidden herd immunity to COVID-19 ini-
tiated in May 2021 [7], and we found that specific antibodies targeting SARS-CoV-2 that
developed before May 2021 cannot be considered important 7 months later, in December
2021. The only factor that provided a good level of population immunity to COVID-19 was
vaccination. The highest levels of protection were however achieved in the group that had
been infected with SARS-CoV-2 before May 2021 and also fully vaccinated between May and
December. This effect should be considered expected, since in that case the infection probably
plays the role of an additional dose of viral antigens that boost the immune response. The so-
called ‘dark figure’ of unregistered cases of SARS-CoV-2 infections remains relatively high at
26%, with an evident contribution of the very recent, fourth wave of the pandemic that
occurred in Poland shortly before the study in December.

Supporting information

S1 Fig. Demographics in the serological screening of population without registered SARS--
CoV-2 infections: Demographic parameters of participants found positive for anti-SARS--
CoV-2 IgG in each investigated group compared to general demographic parameters of
the group. Antibodies were identified in blood samples after separation of blood sera by clot-
ting and centrifugation. Microblot-array testing was applied to determine IgG level in each
participants and positive/negative result was qualified according to the validated test.

(PDF)

$2 Fig. Demographics in the serological screening of population without registered SARS--
CoV-2 infections: Demographic parameters of each investigated group compared to gen-
eral demographic parameters of the whole country.

(PDF)

S3 Fig. Demographics in patients hospitalized due to COVID-19.
(PDF)

S4 Fig. IgG specific to SARS-CoV-2 in non-vaccinated patients hospitalized due to
COVID-19: Female and male comparison. Anti-NCP- antibodies specific to nucleocapsid
protein N, anti-RBD- antibodies specific to receptor binding domain within spike protein S1
region. Antibodies were identified in blood samples after separation of blood sera by clotting
and centrifugation. Microblot-array testing was applied to determine IgG level (U/ml). Median
values are presented (dash), with quartiles 1 and 3 (boxes), and minimum/maximum values
(whiskers) after outlier elimination (Tukey method), dots represent outliers; p>0.05 by Welsh
test.

(PDF)

S1 Table. Distributions of quantitative variables of measurements for IgG specific to
SARS-CoV-2 NCP and RBD in patients: Group 1: Anti-NCP IgG negative and non-vacci-
nated patients; group 2: Anti-NCP IgG negative and vaccinated patients; group 3: Anti-
NCP IgG positive and non-vaccinated patients; group 4: Anti-NCP IgG positive and
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S5 Table. Statistical analysis of differences in average anti-RBD IgG levels detected in
groups of hospitalized patients in selected days. D5-D90 -days from 5 to 90 representing
estimated number of days after onset of infection, t-test was used, p-values (adjusted) are pre-
sented.

(PDF)

S6 Table. Statistical analysis of differences in average anti-NCP IgG levels detected in
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sented.
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