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Abstract: Introduction. Since the detection of the first COVID-19 patient, 2 years have passed,
during which more than 287,862,000 people have fallen ill globally, of which about 1.9% died.
The implementation of SARS-CoV-2 control programs required efforts from almost all countries.
An important direction in the fight against COVID-19 has been the formation of herd immunity,
the main tool for managing the pandemic. Study goal. The aim of the study was to assess the
seroprevalence of antibodies (Abs) to SARS-CoV-2 nucleocapsid (Nc) and receptor binding domain
(RBD) in the St. Petersburg population during the COVID-19 pandemic. Materials and methods. A
longitudinal cohort randomized monitoring study of Ab seroprevalence (SARS-CoV-2 N¢, RBD) was
organized and conducted according to a unified methodology developed by Rospotrebnadzor with
the participation of the St. Petersburg Pasteur Institute. For this purpose, a cohort was formed of
1000 volunteers who participated in all five stages of seromonitoring. The cohort was divided into
seven age groups: 1-17; 18-29; 30-39; 40-49; 50-59; 60-69; 70; and older (70+) years. Seropositivity
levels (Nc, RBD) were assessed by quantitative and qualitative enzyme immunoassays. During
the second year of monitoring, some volunteers were vaccinated with the GamCOVIDVac (84%) or
EpiVacCorona (11.6%) vaccines approved in Russia. Statistical processing was carried out using Excel
2010. Confidence intervals for shares and percentages (95% CI) were calculated using the method
of A. Wald and J. Wolfowitz with adjustment (A. Agresti, B.A. Coull). The statistical significance of
differences was calculated by z-test, using the appropriate online calculator (p < 0.05) unless indicated.
Results. There was a trend toward an increase in Nc seropositivity in stages 1-3 of seromonitoring,
with a decrease in stages 4-5 among children and adults. The share of RBD seropositive steadily
increased during all five stages of seromonitoring. The most frequent finding was low anti-RBD Abs
levels (22.6-220 BAU/mL). High Ab levels were recorded statistically significantly less frequently.
Asymptomatic forms were observed in 84-88% of SARS-CoV-2 seropositive volunteers. By the
fifth stage of monitoring, this indicator significantly decreased to 69.8% (95% CI: 66.1-73.4). The
monitoring revealed a statistically significant increase in anti-RBD Abs alongside a statistically
significant decrease in the proportion of Nc seropositives. This dynamic was especially characteristic
of persons vaccinated with GamCOVIDVac. Conclusion. Prior to the use of specific vaccines, a
seroprevalence of anti-Nc Abs was noted. After the introduction of the GamCOVIDVac vaccine in
adults, a decrease in the level of anti-Nc Abs was noted due to an increase in the proportion of RBD
seropositive persons.

Keywords: coronavirus SARS-CoV-2; seroprevalence; antibodies; nucleocapsid antigen; antigen
receptor binding domain; seropositivity; St. Petersburg; volunteers; vaccination

1. Introduction

Two years have passed since the first case of a highly contagious infection caused by a
representative of the 3-coronaviruses (SARS-CoV-2) was registered. According to portal
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statistics [1], 287,862,113 people have been infected globally, of which 5,450,349 have died
(1.89% (95% CI: 1.88-1.89) as of 31 December 2021 [1]. St. Petersburg still ranks second
in Russia in terms of COVID-19 incidence. In the city, as of the end of December 2021,
there were 851,908 infected, of which 28,036 people died (3.30% (95% CI: 3.25-3.33). These
official data indicate a significantly higher COVID-19 mortality rate in St. Petersburg
compared to the Russian average (p = 0.0001). St. Petersburg, over the entire period of
the pandemic, showed that the infection developed in waves: periods of growth replaced
by periods of decreasing case numbers. The first peak was recorded on 15 May 2020
and amounted to 541 infections per day. The second peak (29-31 December 2020) ranged
from 3764-3774 infections per day. The third peak, smaller than the previous one, was
marked after 7 months. A maximum of 2029 infections/day was recorded on 12 July 2021.
Finally, the fourth was observed in October 2021. The daily maximum number of infected
people, detected on 31 October 2021, was 3597 people [1]. It is interesting that SARS-CoV-2
vaccination, which began on 1 October 2020, did not have a visible effect on the dynamics
of infection or mortality in St. Petersburg, at least until mid-December 2021. According
to official data from the St. Petersburg administration, 1,983,695 people completed full
vaccination as of 11 November 2021; this is about 36.8% of the total population [2].

With infections, it is known that vaccination is the determining factor of herd immu-
nity [3,4]. According to the definition of A. Fontanet and S. Cauchemez: “herd immunity
is achieved when one infected person in a population causes on average less than one
secondary case” [5]. A measure of herd immunity is the basic reproductive number (Ro),
which is understood as the number of individuals who will be infected in a fully sus-
ceptible population by one SARS-CoV-2 carrier during one infectious period [6]. In the
pre-vaccination COVID-19 period, Ro values varied widely from 1.5 to 6.5, with an average
of 2.2 (95% CI: 1.4-3.9) [7,8]. Similar values are given in other works [6,9]. The indicated
coefficient, substituted into the formula (Rt =1 — 1/Ro), gives an idea of the required
proportion of immune subjects in the population sufficient to stop the COVID-19 outbreak.
With regard to the calculated average Ro value (3.28), this proportion was 0.695 or 69.5% [6].
Of course, SARS-CoV-2-resistant individuals in the population include not only those
vaccinated but also those who have recovered from COVID-19. However, it is believed
that herd immunity is not limited to specific SARS-CoV-2 immunity formed as a result of
a vaccination or illness. A certain contribution is also made by measures that limit viral
spread in the population. Among them, the most effective are social distancing, widespread
use of personal protective gear (masks), and disinfection of environmental objects [4,5,10].

Nevertheless, despite the importance of non-pharmaceutical protective interventions,
the levels of SARS-CoV-2 immunity still have a significant impact [6,11]. Despite the
importance of non-pharmaceutical protective interventions, the main factor remains the
level of SARS-CoV-2 immunity. In addition, analysis of the contribution of physical methods
to the structure of collective immunity requires a complex mathematical approach based
on metaheuristic algorithms. The results are, as a rule, probabilistic in nature [11]. Such
methods provide valuable information about behavioral responses during an epidemic, but
due to the complexity of mathematical analysis, they are of limited use in medical practice.

From a practical point of view, epidemiological analysis of the state of collective
immunity using serological methods (for determining the prevalence of SARS-CoV-2 Abs)
and other epidemiological analysis approaches are more appropriate [12,13]. This article
continues our previous publications analyzing SARS-CoV-2 Ab seroprevalence, such as our
cross-sectional study of herd immunity in the St. Petersburg population [14] conducted
in the early period of COVID-19 incidence (13-20 June 2020), as well as longitudinal
seromonitoring of the population in 26 regions of Russia [15-20]. Features of seroprevalence
in Belarus and Kyrgyzstan (2020-21) were also analyzed [21,22]. The aim of the study was
to monitor the seroprevalence of Abs to Nc and RBD in the St. Petersburg population
during the COVID-19 pandemic in 2020-21.
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2. Materials and Methods
2.1. Formation of the Volunteer Cohort

Since June 2020, a longitudinal randomized cohort study of the dynamics of the
humoral immune response to SARS-CoV-2 in the St. Petersburg population is being
carried out according to a unified methodology developed by Rospotrebnadzor with
the participation of the St. Petersburg Pasteur Institute [23], taking into account WHO
recommendations [24]. Before initiation, the study was approved by the local ethics
committee of the St. Petersburg Pasteur Institute (protocol no. 64, dated 26 May 2020).
All participants, or their legal representatives, were familiarized with the purpose and
methodology of the study and signed an informed consent. The study was carried out in
accordance with the Declaration of Helsinki at all stages.

To participate in seromonitoring, out of 2713 volunteers examined in the primary
cross-sectional study [14], 1000 people were selected, and they participated in all stages
of seromonitoring without exception. The entire volunteer cohort was divided by age
into 7 main groups: 1-17; 18-29; 30-39; 40-49; 50-59; 60-69; and 70" years. In addition
to distribution by age, the group was additionally randomized geographically in such a
way that volunteer distribution (by place of residence) corresponded to the administrative
territorial structure of St. Petersburg. The serological monitoring process was organized in
5 stages: stage 1 (15 June 2020-20 June 2020), stage 2 (31 August 20204 September 2020),
stage 3 (30 November 2020-11 December 2020), stage 4 (1 March 2021-7 March 2021), and
stage 5 (30 August 2021-3 September 2021).

2.2. Vaccination of Volunteers

Starting from 10 January 2020, marking the introduction of SARS-CoV-2 vaccines,
volunteers have taken part in voluntary Russian vaccination programs. In Russia, the most
commonly used vaccines are Sputnik V (GamCOVIDVagc; last reg. no. LP-006395, dated
11 January 2022) and EpiVacCorona (reg. no. LP-007326, dated 2 December 2021). Both
preparations were developed in Russia and are produced there [25-27].

In the 4th stage, a total of 14.4% of the cohort (95% CI: 12.3-16.7) were vaccinated.
Of these, 91.7% (95% CI: 85.9-95.6) were vaccinated with Sputnik V (GamCOVIDVac)
and 8.3% (95% CI 4.4-14.1) received the EpiVacCorona vaccine. In total, 55.5% of the
cohort (95% CI: 48.3-64.6) were immunized. Among them, the shares were as follows:
Sputnik V, 81.2% (95% CI: 77.5-84.5), and EpiVacCorona, 11.8% (95% CI: 9.1-14.8). In
4.1% (95% CI: 2.6-6.2), the inactivated CoviVac vaccine was used (reg. no. LP-006800, dated
19 February 2021). All the listed vaccines were used in accordance with their instructions
for use.

As follows from their published compositions [25,26], the immunity formed after
Sputnik V vaccination is directed at receptor-binding domain (RBD) antigens [25], while
EpiVacCorona (peptide vaccine) induces antibodies (Abs) to a complex of chemically syn-
thesized peptide immunogens of the SARS-CoV-2 S protein [27]. CoviVac elicits an immune
response to both Nc and RBD. However, the number of people receiving this vaccine was
too small to have a statistically significant effect on the structure of Ab seroprevalence.
The main contribution to the formation of anti-RBD Abs was made by the Sputnik V, as
discussed below.

2.3. Analysis of the Presence of Abs to SARS-CoV-2 Nc and RBD in Volunteers

Blood plasma was used for the quantitative determination of Abs to SARS-CoV-2 anti-
gens. For this purpose, 3 mL of blood was taken from volunteers from the cubital vein into
vacutainers containing EDTA solution. Blood was centrifuged, and plasma was separated
from the cellular component and used for determinations by enzyme immunoassay on a
Thermo Scientific Multiskan FC device.

Assays for Nc used the “Enzyme immunoassay kit for quantitative determination
of human IgG Abs to SARS-CoV-2 N protein (N-Cov-2-IgG PS), series 001” (prod. St.
Petersburg Pasteur Institute, St. Petersburg, Russia). The content of anti-RBD Abs was
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determined by enzyme immunoassay using the “SARS-CoV-2 ELISA-IgG-screen” reagent
kit (prod. LabPack, St. Petersburg, Russia). For individuals vaccinated with EpiVacCorona,
Abs to its peptide components were determined by enzyme immunoassay using the “SARS-
CoV-2-IgG-Vector” reagent set for detection of IgG (prod. State Scientific Center of Virology
and Biotechnology “Vector”, Koltsovo, Novosibirsk region, Russia).

2.4. Statistical Analysis

The obtained data were processed using Excel 2010. Confidence intervals (95% CI) of
shares and percentages were calculated by the method of A. Wald and J. Wolfowitz [28]
with correction as per A. Agresti and B.A. Coull [29]. Correlation analysis was performed
according to the Spearman method as part of the Excel 2010 package. The statistical signifi-
cance of differences was calculated by z-test using a corresponding online calculator [30].
Distribution normality was tested using the Kolmogorov—-Smirnov test as part of the Excel
2010 package. The statistical significance of differences, unless otherwise indicated, was
assessed with a probability of p < 0.05.

3. Results
3.1. Dynamics of SARS-CoV-2 Infection and Vaccination of the St. Petersburg Population, 2021

Previously, features of coronavirus infection and seroprevalence development dynamics
(anti-SARS-CoV-2 Abs) in the Russian population in 2020 were characterized [1,15,16]. As
mentioned above, the epidemic proceeded in St. Petersburg in the form of two waves (May and
December 2020), of which the second was significantly higher (p > 0.0001). In October 2020,
vaccination of the population with Sputnik V began. Initially the rate was very low, and it
was not sufficient to have a significant impact on the dynamics of COVID-19 incidence.

In the first three weeks of 2021, the decline in incidence continued after the December 2020
peak, with vaccination rates close to zero (Figure 1, Table S1). Subsequently, two parallel
processes were noted: the proportion of infections decreased; and the percentage of vac-
cinations gradually increased. By the 12th week, however, infection dynamics stabilized
and remained at the achieved level for 14 weeks, despite the fact that the proportion of
those vaccinated during this period increased from 3.7% to 11.6%. The accumulated level
of post-vaccination immunity was almost sixfold lower than the postulated minimum level
for herd immunity [6].
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Figure 1. Dynamics of SARS-CoV-2 infection and vaccination of the St. Petersburg population in 2021.
The blue dotted line is the infection trend; the regression equation and the coefficient of determination
are highlighted in blue and placed at the top center. The brown dotted line is the vaccination trend;
the regression equation and the coefficient of determination are highlighted in brown and placed at
the top center. The main vaccine used in the Russian Federation was GamCOVIDVac (Sputnik V).
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Such a low level of post-vaccination immunity did not have a significant impact on
infection dynamics. At the beginning of July 2021 (week 27), a 1.5-fold increase in incidence
was recorded; it continued until August 2021 (week 33). Starting from week 39, when the
proportion of fully vaccinated reached 30.5%, the incidence, despite this, began to increase
rapidly. By week 43, it reached the January level (422.7%0 0); the proportion of those
vaccinated was only 34.3%. The noted rise turned out to be short-lived. From week 44, it
was already replaced by a downward trend, which continued into the first weeks of 2022.
The level of vaccination coverage at the same time came close to the 50% milestone. In this
regard, it is logical to assume that a further increase in post-vaccination immunity may
lead to a decrease in the intensity of the COVID-19 epidemic in St. Petersburg, provided
that the new, highly contagious omicron SARS-CoV-2 strain will not require any emergency
measures and/or booster vaccination of already vaccinated citizens [31-33].

3.2. Seroprevalence of Anti-Nc Abs in the Volunteer Cohort, by Seromonitoring Stage

Seroprevalence and Ab levels (anti-Nc, anti-RBD) were determined during monitor-
ing [34]. Taking into account the different roles of these viral antigens in the infectious
process, one would expect changes in their corresponding Abs ratios in the population
during the pandemic (Figure 2). The level of Nc Ab seroprevalence among children in-
creased during stages 2—4 but decreased significantly by stage 5 (p < 0.001). The dynamics
were described by the third-degree polynomial curve equation: y = 3.3083x + 26.719x> —
55.274x + 51.68. Note that the coefficient of determination in this case was 1.0.

y1l=-3.3083x3 + 26.718x? - 55.274x + 51.68

R2=1
y 2=-3.1583x3 + 28.061x% - 57.981x + 54.62 4
R? =0,9902
y3 =-2.65x3 + 23.964x% - 57.586x + 61.26 2

R?=0.9863

R?=0.9984

1 2 3 4 5

Seromonitoring stage
®1.ChildrenNag @3.AdultsNag @2.ChildrenRBDag ®4. Adults RBD ag

Figure 2. Distribution of seropositivity to N and RBD antigens (ag) in children and adults, by seromon-
itoring stage. Colored curves are trend lines for the percent seropositive among 1—children (N ag);
2—children (RBD ag); 3—adults (N ag); and 4—adults (RBD ag). Regression equations and coeffi-
cients of determination, in their corresponding colors, are shown in the upper left (y2, y4) and lower
right (y1, y3) corners. Black vertical bars are the 95% confidence intervals. The summarized data are
given in Table S1.
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Seroprevalence to Nc manifested differently in adults. At stages 14, the shape of
the trend curve was close to that of children; only seropositivity levels were lower than
in children. Statistically significant changes appeared only in the fifth stage. While Ab
levels decreased in children, they increased significantly in adults (Figure 2 curves 2 and 4,
Table S1). The low proportion of seropositive individuals in the first stage already began to
grow by the second stage. In the third stage, increases reached significant values in most
volunteer age groups (Table S1). By the fifth stage, the differences reached a maximum
value with tgo equal to 1.6 (in the section of the curve between stage 4 and 5). This suggests
that the share of seropositive adults increased to a limit close to 100%. Naturally, such
prevalence likely has a positive effect in reducing Ro and the level of overt morbidity. The
above results contain only information about the seroprevalence of anti-Nc Abs but not
quantitative characteristics of seropositivity.

Analysis of the proportions of individuals with different levels of anti-Nc Abs showed
two main trend line types. The distributions were quite close, both in form and levels,
among children and adults in almost all stages of monitoring. The only exception was
volunteers who had plasma Abs in the range of 252.4-502.5 BAU/ml (Figure 3). In this
group, not only a predominance of Ab levels in stages 1-4 over adults was noted but
also differences in trend curves. In children, the curve was described by a third-degree
polynomial equation (y = —0.53x3 + 453 x2 — 12.04x + 13.14), while in adults it was
described by a linear equation (y = 0.47x + 5.21). Determination coefficients in both cases
exceeded 0.5.

25
y =3.65x + 2.07
R%=0.9754
20 y =-1.59x% + 11.25x - 0.54
R?=0.9035
X - 3 2
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e R? = 0.9789
Y 15
b= y =-0.93x3 + 8.59x2 - 22.07x + 20.2
=) R?=0.9801
E JIRTITISIIN y =-0.58x3 +5.27x2 - 12.86x + 12.6
o 10 Rz = 0.9984
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S5 R? = 0.9651
y=0.47x +2.41
5 R%2=0.5711
y=-0.47x +5.21
R?=0.1826
= - . y=-0.53x% + 4.53x2 - 12.04x + 13.14
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@ adult 16.8-31.2 BAU/ml children 31.3-125.6 BAU/m adult 31.3-125.6 BAU/ml
® children 125.8-251.2 BAU/ml ® adult 125.8-251.2 BAU/m ® children 252.4-502.5 BAU/ml
® adult 252.4-502.5 BAU/ml ® children >502.5 BAU/ml ® adult >502.5 BAU/ml

Figure 3. Distribution of anti-Nc antibody levels among children and adults, by seromonitoring stage.
Colored lines—dynamics of Ab distribution in children and adults in the dynamics of monitoring;
colored dotted lines—trends in Ab levels in children; solid color lines are trends in Ab levels in adults.
The equations for the trend curves in their respective colors are shown to the right of the curves and
correspond to the sequences in which the end points of the trend lines are located. See additional
Table S2.

Interestingly, in all other groups, the Ab-level curves were close to each other. Among
children in all the examined groups, a characteristic feature was noted: Ab levels increased
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to some extent from the first to the fourth stage; and they significantly decreased by
the fifth stage. Moreover, the trend line for children was described by a third-degree
polynomial curve of the type y = —ax® + bx> — cx + d. It seems that this is due to the
previously described relatively short circulation time of anti-Nc Abs [35,36]. Interestingly,
in volunteers with anti-Nc Abs levels >502.5 BAU/ml, the trend line was described by an
equation of the form y = ax + b, possibly due to the small sample of volunteers with high
anti-Nc Abs levels.

3.3. Seroprevalence of Anti-RBD Abs in the Volunteer Cohort, by Monitoring Stage

The dynamics of anti-RBD Ab seroprevalence were generally comparable to those of
Nc (Figure 2). In stages 1 to 3, there were no differences in anti-RBD Ab seroprevalence in
children and adults, although there was a tendency for higher seropositivity in children.
In the fourth stage, this trend became statistically significant. In the fifth stage, in the
context of a further increase in the share of seropositive persons among adults, there was a
decreasing trend curve in children (Figure 4, Table S3).

y = 13.16x - 8.68
R?=0.9835

y=8.13x - 1.62
R?=0.9731

y =3.02x2 - 13.35x + 18.81
R?=0.9992
y =2.46x - 0.26
R*=0.9239
y =-1.69x3 + 15.95x2 - 44.36x + 42.86
R?=0.5544
y =-1.36x% +8.38x - 1.6

R*=0.6727

Seromonitoring stage

® Children 22.6-220 BAU/m| @ Adults 22.6-220 BAU/ml @ Children 221-450 BAU/ml
@ Adults 221-450 BAU/ml @ Children >450 BAU/ml & Adults >450 BAU/ml

Figure 4. Distribution dynamics of anti-RBD antibody levels among children and adults, by seromon-
itoring stage. Colored lines are Ab distribution trends in children (dashed) and adults (solid). Trend
equations and determination coefficients, in their corresponding colors, are shown on the right side
of the graph next to their curves. Black vertical lines are 95% confidence intervals. Antibody values
are given in BAU/ml (Table S3).

The largest increase in the share of seropositive volunteers was noted in the group
with minimal Ab levels (22.6-220 BAU/ml). This growth was comparable in children
and adults. The growth trends (children, adults) were linear, described by the equations
y =13.16x — 8.68 and y = 8.13x — 1.62, respectively. At the same time, the process of
increasing seropositivity in children was noticeably higher. This is evidenced by higher
regression equation coefficients and statistically significant differences in area (from stage 3
to 5) along the y-axis (Figure 4).

The share of volunteers with Ab levels in the range 221-450 BAU/ml was significantly
lower in all monitoring stages starting from stage 2 (p < 0.05). For adults, the trend was
linear, described by a regression equation of the form y = 2.46x — 0.26. For children, it
changed to a second-degree polynomial curve (y = —1.36x> + 8.3829x — 1.6). The increase
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in the share of seropositive individuals occurred in the third monitoring stage, and the
y-axis values at the start and end points were almost the same: 5.7% (95% CI: 2.5-10.9)
versus 5.4% (95% CI: 2.0-11.4).

In serogroup 3 (Abs > 450 BAU/ml), linear trends in children and adults transformed
into polynomials, which could indicate greater heterogeneity within the group. In children,
the degree of heterogeneity of the response increased to a polynomial of the third degree,
described by the equation y = —1.69x% + 15.95x% — 44.36x + 42.86. In adults, the trend
transformed into a second-degree polynomial curve: y = 3.02x> — 13.35x + 18.81.

Thus, quantitative analysis of the structure of SARS-CoV-2 seroprevalence showed
that the share of individuals with relatively low anti-RBD Ab levels increased during
the progression of the COVID-19 epidemic: from 5.7% (95% CI: 2.5-10.9) in the first
stage up to 55% (95% CI: 45.2-64.4) in the fifth. In adults, the growth was slightly less:
7.4% (95% CI: 6.0-9.0) in the first stage; and 39% (95% CI: 36.0-42.1) in the fifth stage
(Table S3).

As the level of Abs to RBD increased, the heterogeneity of the response increased
concomitantly with a decrease in the share of seropositive individuals in both children
and adults. Trend lines shifted from linear to second- or third-degree polynomials. A
possible reason may be a gradual decrease in the level of anti-RBD Abs in volunteers with
overt or asymptomatic forms of COVID-19 within 6-8 months after the initial infection. In
addition, the high frequency of asymptomatic forms, so characteristic of COVID-19, may
also contribute to the development of a low humoral response. It is known, in particular,
that Abs in asymptomatic, infected individuals can decrease to minimal values after two
months [37,38].

3.4. Frequency of Asymptomatic COVID Forms, by Seromonitoring Stage

As noted, a characteristic feature of coronavirus infection is a significant proportion
of patients with an asymptomatic course in which there are no clinical manifestations of
disease yet Abs specific for SARS-CoV-2 Nc are produced. According to various sources,
the number of such seropositive individuals can vary from 40% to 100% [14,16,38,39]. In
the course of the staged survey of the St. Petersburg volunteer cohort, an absolute predomi-
nance of asymptomatic forms of infection (among SARS-CoV-2 seropositive individuals)
was revealed (Figure 5, Table 54).

As follows from Figure 5 and Table S4, the share of people with asymptomatic forms
of infection was relatively evenly distributed between age groups in all stages of seromoni-
toring. There were no statistically significant differences between age groups in stages 1-4.
Significant differences were observed in stage 5 in the age groups 18-29 and 30-39 years old,
40-49 and 50-59 years old, and in the whole cohort (p > 0.05). At the same time, no differ-
ences were found in children aged 1-17 years. In the two older age groups, the decline was
noticeable, although not statistically significant.

Such a decrease by the end of the second year of monitoring can probably be explained
by the fact that the majority of volunteers had asymptomatic forms of infection in stages 1-4.
Since seropositivity in asymptomatic infection is relatively short-lived [38], the proportion
of such individuals by the fifth stage statistically significantly decreased.

The results presented describe the cohort as a whole. This is true for stages 1 to 3.
However, by the beginning of 2021, a significant factor influencing the humoral immune
response of the adult population was added to the situation: initiation of a vaccination
campaign (Figure 1). By the fourth stage (ninth week of the year), 1.9% were vaccinated.
This, however, had little effect on population seroprevalence in the fourth stage. The
situation changed somewhat by the fifth stage, when at 35 weeks it increased to 26.3%
(Figure 1). Although this vaccination level was about 40% of the threshold [6,7], it likely
had a positive effect on SARS-CoV-2 Ab seroprevalence.
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Figure 5. Share of asymptomatic forms among Nc—seropositive volunteers. The solid curve is the me-
dian share of seropositive volunteers with asymptomatic infection. Key: black vertical lines— [IQR];
colored dots—averaged values in each age group. Age groups of seropositive, asymptomatic volun-
teers are in years. See Table S4.

3.5. Post-Infectious and Post-Vaccination Ab Seroprevalence (Nc, RBD) in St. Petersburg
Volunteers during Monitoring

The result of COVID-19 convalescence and/or SARS-CoV-2 vaccination is the forma-
tion of a specific response, manifested by cellular and humoral immune responses. Features
of cellular immunity are considered in a number of fundamental reviews [40—44] and are
not the subject of this work. Depending on the goals and objectives, various immune
markers can be analyzed. For example, the three main immunoglobulin subtypes can be
studied (IgM, IgG, IgA) in plasma, serum, or other body fluids [45,46]. Sometimes one
subtype, most often IgG [47,48], is used, as in this work, wherein specific anti-Nc and
anti-RBD IgG Ab contents were determined throughout seromonitoring.

The obtained results showed that in the first stage, carried out at the sixth month, the
SARS-CoV-2 specific seropositivity was mostly due to anti-Nc Abs (Figure 6). At the same
time, the share of double-positive volunteers was equal to the share of volunteers who
were monopositive for anti-Nc Abs. The share of individuals with only RBD Abs was 3.8%
(95% CI: 2.8-5.0). By the second stage, the ratio remained practically unchanged, with the
exception of an almost twofold increase in the share of individuals seropositive for RBD
Abs (7.0% (95% CI: 5.6-8.5), p < 0.001). Stage 3 was marked by a significant increase in
the share of double-positive volunteers (p < 0.001) and those seropositive for RBD only
(p < 0.001). The total share of those mono and double positive for RBD Abs increased from
22.3% (95% CI: 20.1-24.8) to 36.1% (95% CI: 33.4-37.8); the differences were significant at
p < 0.001. It was interesting to compare the increases in the shares of those monopositive for
RBD and Nc Abs and those monopositive for Ab. In the former, the increase was 1.7-fold.
In the latter, it was only 1.3-fold. Thus, already in the third stage, there was a slight increase
in the share of Nc-seropositive people against the background of a significant increase in
the share of those who were RBD seropositive (p < 0.05).
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Figure 6. Seroprevalence of anti-Nc and anti-RBD IgG in volunteer plasma, by seromonitoring stage.
Key: RBD + Nc double-positive volunteers with both Abs; RBD Abs—volunteers with only RBD Abs;
Nc Abs—volunteers with only Nc Abs; Total Abs—total number of seropositive volunteers (RBD +
Nc Abs, RBD Abs, Nc Abs) relative to all examined; vertical black lines—95% CI.

Starting from the fourth stage (Table 1), there was a significant increase in the total
share of RBD monopositive individuals from 36.1% (95% CI: 33.4-37.8) to 61.1% (95% CI:
58.3-63.8), or growth by 1.7-fold (p < 0.0001). In parallel, the share of Nc-monopositive
individuals decreased from 17.1% (95% CI: 15.0-19.3) to 7.8% (95% CI: 6.3-9.4), or 2.2-
fold (p < 0.0001). Even more pronounced changes were observed in the fifth stage of
seromonitoring conducted in August 2021 (Table 2). The share of RBD monopositive
individuals increased from 19.5% (95% CI: 17.1-22.1) to 40.4% (95% CI: 37.3-43.5), p < 0.001.
At the same time, there was no increase in double-positive volunteers (37.9%, 95% CI:
34.7-41.0), possibly due to a decrease in the level of anti-Nc Abs (Figure 6). The increase
in the share of RBD carriers was significant. Hence, in the fourth stage, the increase in
the RBD immunity level reached 11.4% (95% CI: 9.7-13.3). In the fifth stage, it was 39%
(95% CI: 36.1-42.2). This is quite consistent with the level of vaccination, which in the 35th
week of August 2021 was 26.3%. Considering that from the fourth stage the vaccination
rate began to increase noticeably, it can be assumed that this process contributed to the
increase in post-vaccination SARS-CoV-2 Ab seroprevalence (Table 1).

Table 1. Structure of antibody seroprevalence in the fourth stage.

Total Cohort (1 = 1000) Vaccinated (n = 131)
Nc*, n Nc—,n Nc*, n Nc—,n
% (95% CI) % (95% CI) % (95% CI) % (95% CI)
RBD+,n 381 223 41 73
% (95% CI) 38.1 (35.1-41.3) 22.3 (19.8-25.1) 31.3 (23.5-40) 55.7 (46.8—-64.4)
RBD—, n 82 212 5 12
% (95% CI) 8.2 (6.6-10.1) 21.2 (28.4-34.2) 3.8 (1.2-8.7) 9.2 (4.8-15.0)

Note: RBD*—anti-RBD Abs detected; Nc*—anti-Nc Abs detected; RBD™ and Nc~—the corresponding Abs not
detected. In each cell: n—number; percentage of surveyed; and 95% confidence interval.
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Table 2. Structure of antibody seroprevalence in the fifth stage.

Total Cohort (n = 1000) Vaccinated (n = 419)
Nct, n Nc—,n Nct, n Nc—,n
% (95% CI) % (95% CI) % (95% CI) % (95% CI)
RBD+, n 379 404 132 259
% (95% CI) 37.9 (34.9-41.0) 40.4 (37.3-43.5) 36.3 (31.7-41.1) 61.8 (56.9-66.40)
RBD—, n 41 176 361.8 25
% (95% CI) 4.1 (3.0-5.5) 17.6 (15.3-20.1) (57.0-66.5) 6.0 (3.9-8.6)

Notes: same as Table 1.

Serological testing revealed four groups of volunteers: double positive (RBD* Nc*);
positive for one Ag (RBD" or Nc*); and individuals negative for both antigens (RBD~ Nc™)
(Table 1). In the total cohort, the share of RBD™ Nc™ individuals was 21.2% (95% CI: 18.7-23.8).
Among examined individuals, the data showed that about a third were RBD* Nc*; about a
fifth were RBD* (only); and about 8% were Nc* (only).

In the fourth stage, only 13.1% were vaccinated (95% CI: 11.1-15.3). In this group, the
share of double positive remained practically unchanged, while the proportion of RBD*
increased by 2.5-fold, which is obviously a consequence of vaccination. Given the known
general pattern of seropositivity, it was important to assess the contribution of vaccination
to the overall pattern. As expected, the largest contribution to Ab seroprevalence in the
cohort was probably due to vaccination. The total proportion of seropositive (RBD* Nc*
and RBD*) was: 14.4% (95% CI: 12.3-16.7). In the period between the fourth and fifth stages,
active vaccination of the population continued. Therefore, an increase in the proportion of
volunteers seropositive for both antigens was be expected. As in the fourth stage, analysis
of those vaccinated was carried out only among those who received Sputnik V.

The results of statistical processing for the total cohort are in good agreement with
the previous analysis (Figure 6). The share of double-positive volunteers increased in-
significantly (only 1.2-fold), while the share of those who were RBD* increased 1.8-fold
(p < 0.001). The share of Nc* volunteers decreased by twofold (p < 0.001). The vaccination
of 419 (41.9%) people did not significantly affect the proportion of double-positive volun-
teers, compared with stage 4 results (Table 1). This may indicate that within one volunteer
group, vaccination mainly contributes to qualitative harmonization of the structure and, to
a lesser extent, an increase in the quantitative indicator of RBD positivity (dual + RBD").
In the fourth stage, the latter already amounted to 87% (95% CI: 80.0-92.3). By the fifth
stage, it had increased to 93.2% (95% CI: 90.5-95.5) (differences not statistically signifi-
cant). Interestingly, in the context of a similar stabilization of the immune response to
RBD, the proportion of Nc-monopositive individuals decreased by 5.4-fold. By stage 5, the
proportion of individuals without these Abs decreased by 1.8% (Table 2).

As in the fourth stage, the actual contribution of the humoral response to SARS-CoV-2
was calculated. Overall seropositivity for all indicators (double*, RBD*, Nc*) for the entire
cohort was 82.4% (95% CI: 79.9-84.7). Regarding the contribution to total Ab seroprevalence
of persons vaccinated in stage 5, it was 39.4% (95% CI: 36.4—42.5).

In summarizing the results of the seroprevalence assessment in terms of Ab dynamics
(Nc, RBD), we note that this process in the first three stages was due to the Nc response
in individuals who underwent overt or asymptomatic infection. The situation began to
change in the spring of 2021 with the start of SARS-CoV-2 vaccination, which changed the
serological landscape. By the end of the second week of 2022, the level of those completely
vaccinated was close to the 50% threshold [1]. Taking into account the increase in the level
of post-vaccination immunity, we can assume that the population of St. Petersburg has
reached, or will soon reach, the threshold level of population immunity. Thus, according
to the official portal of the St. Petersburg administration, the value of Ro was 0.93 as of
8 January 2021 [49]. However, it is still too early to believe that victory over COVID-19
has been achieved in St. Petersburg. A serious threat that may nullify all efforts to
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achieve sustainable population immunity could be the rapid spread of the new omicron
SARS-CoV-2 strain around the world [50-52].

4. Discussion

When assessing the overall COVID-19 situation in the city, it can be assumed that
the pandemic near the end of the year (end of 2021 and the first ten days of January 2022)
entered a phase of uneven stabilization in St. Petersburg. As of 9 January 2022, 2,732,661
people had completed double vaccination, representing 50.75% (95% CI: 50.71-50.79), while
the distribution coefficient (similar to Ro) was 0.98 [49]. As a consequence of these data,
starting from the 47th week of 2021, there has been a downward trend in the number of
SARS-CoV-2 infections. Can this still unstable situation be considered proof of the end
of the COVID-19 epidemic? Not yet, it seems. The generally accepted level of threshold
immunity, 65% [4—6], has not been reached. Further, the Ro value is only slightly (0.3-0.2)
below 1.0, barely below the level at which infection rates begin to decrease [5,6]. According
to official data (as of 9 January 2022), the infection rate exceeds the recovery rate (1323 cases
versus 1228 recovered) [49]. Such direct data indicate the need for further intensification of
the vaccination campaign.

The structure of Ab seroprevalence in St. Petersburg has evolved over the 2 years of the
COVID-19 epidemic. Initially during 2020, it was formed exclusively due to anti-Nc Abs,
which is explained by the lack of vaccines and effective methods of prevention and therapy.
The latter was mainly reduced to the relief of certain symptoms of acute infection [53-55].
In this regard, the humoral response remained the main method of control as a tool for
regulating the infectious process [3-6,15-17]. Monitoring of SARS-CoV-2 seropositivity
among the population in the first stages showed two unidirectional processes: simultaneous
increases in the levels of Abs (to both Nc and RBD) in both children and adults (Figure 2).
Starting from stage 4, these curves diverged: anti-Nc Ab levels decreased, while the share
of individuals with anti-RBD Abs continued to increase rapidly. The latter reached 79.4%
by stage 5 (95% CI: 76.6-82.0) in adults and 72.0% (95% CI: 62.7-80.2) in children.

Quantitative analysis of the immune response to Nc showed a dominance of a seropos-
itive children and adults with Abs in the range of 37.4-150.0 BAU/ml. In adults, the trend
was linear, described by the equation y = 3.65x + 2.07. In children, the dependence was
more complex, with an increase in stages 2—4, and decreases in stages 1 and 5. The curve
was described by the second-degree polynomial equation: y = 1.529x? + 11.247x — 0.54. In
all other groups, Ab levels were not statistically different from each other. At the same
time, the general trend was an S-shaped curve for children in serogroups 1, 3, and 4, char-
acterized by decreases in Ab level in stages 2 and 5. The trend line was described by a
third-degree polynomial of the form: y = ax® + bx?> — cx + d. As for the distribution curve
of Ab levels among adults, the groups with minimum and average levels (20.0-37.2 and
150.2-300.0 BAU /ml) featured polynomial curves of the third degree. At higher levels
(300.2-600.0 and >600 BAU/ml), linear dependences of the form y = ax + b were noted. In
addition, a decrease in the share of Nc-seropositive individuals in most serogroups was
most often observed.

Quantitative analysis of RBD found that, in most volunteers, content did not exceed
220 BAU/ml. The proportion of such individuals increased linearly throughout all stages
of monitoring in both children and adults (Figure 4). Simultaneous with increasing levels
of circulating anti-RBD Abs, an increase in dispersion was noted. This was manifested
as a change in the linear trend to a polynomial. In adult volunteers with Ab levels in
the 221-450 BAU/ml range, linearity was still preserved yet, in children, the curve was
already described by a second-degree polynomial (Figure 4). A further increase in the
anti-RBD IgG level transformed the trend line into a second-degree polynomial curve in
adults and a third-degree polynomial curve in children. Thus, these results clearly show
that the homogeneity of the Ab response depends on IgG level. In most individuals, blood
Abs are contained at levels of 22.5-220 BAU /ml. With increases above 221 BAU/mL, the
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proportion of individuals with medium and high levels decreases, and the variance of the
results increases, although not significantly (Figure 4).

One of the likely reasons for this phenomenon may be a relatively rapid decrease in Ab
levels in seropositive individuals with asymptomatic forms of infection [39,56]. Analysis of
these forms confirmed existing opinion about a significant prevalence among seropositive
individuals. In stages 1 to 4 of monitoring, the proportion of such individuals stably varied
within 81-93%. Then, in stage 5, it decreased in all age groups, except for children, by
60-70%. In trying to understand the reasons for this phenomenon, we assumed that, by
this period, the majority of volunteers had encountered the virus to some degree. In most
of them, the pathogen caused a short-term asymptomatic form of infection, accompanied
by a short circulation of specific Abs. By the fifth stage, the number of such individuals
decreased markedly. This was likely reflected as a decrease in the share of seropositive
persons among those with asymptomatic infection.

As noted, monitoring was carried out for two years, i.e., throughout the COVID-19
epidemic. One of the important tasks of this monitoring was to determine the dynamics of
volunteer seroconversion (anti-Nc, anti-RBD). Analysis of these Abs in the first three stages
showed a predominance of Nc seropositivity with a minimal proportion of individuals
seropositive for RBD (Figure 6). From the third to the fifth stages, two opposite and
simultaneous processes were noted: a decrease in Nc Abs level to 3.3% (95% CI: 2.4—4.4) and
an increase in the share of RBD seropositive to 40.4% (95% CI: 37.4-43.5). At the same time,
starting from the fourth stage, a new factor appeared in the structure of seropositivity: post-
vaccination seropositivity for RBD due to immunization of St. Petersburg residents with
the Sputnik V (GamCOVIDVac) vaccine, which accounted for about 80% of all vaccinations.
In this regard, it seemed important to assess the contribution of post-vaccination immunity
to overall volunteer seroprevalence.

The overall seropositivity level in stage 4 was 68.7% (95% CI: 65.8-71.6). Among those
vaccinated with the Sputnik V(GamCOVIDVac) vaccine, it was 90.8% (95% CI: 84.6-95.2),
of which the proportion of RBD-positive persons (RBD* Nc* + RBD*) was 87.0% (95% CI:
80.0-92.2). If we relate the proportion of these individuals to a total cohort of 1000 people,
then their contribution to overall seropositivity is 11.5% (95% CI: 9.6-13.7).

As far as the analogous calculation for stage 5: overall seropositivity was 82.4%
(95% CI: 79.9-84.7). The share of RBD-positive persons (RBD* Nc* + RBD*) among 419
vaccinated was 93.3% (95% CI 90.5-95.5). When this proportion is related to the cohort as
a whole (1000 people), the contribution of RBD* vaccinated individuals would be 39.1%
(95% CI: 36.1-42.2). Thus, an increase in the share vaccinated from 1.9% (stage 4) to 26.3%
(stage 5) was able to confer an increase in the contribution of post-vaccination immunity to
cohort seroprevalence from 11.5% to 39.1%, or 3.4-fold.

The results presented testify in favor of the important role of vaccination in the
formation of herd immunity. In this regard, it is impossible not to agree with the opinion of
researchers [49,50] that vaccination against SARS-CoV-2 has proven to be effective, with
essentially no alternatives, in overcoming the COVID-19 pandemic.
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