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Abstract: Background. The course of the COVID-19 epidemic process depends on population
immunity which prevents pathogen spread among the population. Aim: to study the evolution of
SARS-CoV-2 humoral immunity in the Belarusian population relative to COVID-19 pandemic
dynamics. Materials and methods. The work was carried out according to a methodology for
assessing population immunity developed by Rospotrebnadzor (Russia) and the Belarusian
Ministry of Health with the participation of the St. Petersburg Pasteur Institute (SPPI), taking into
account WHO recommendations. The study was approved by the Bioethics Committee of Belarus
and the SPPI Bioethics Committee. Participant selection was carried out by questionnaire using a
cloud (internet server) service. To monitor population immunity, a cohort of 4,661 people
(participating in all stages of seromonitoring) was formed from the overall volunteer group.
Volunteers were randomized by age group (1-17, 18-29, 30-39, 40-49, 50-59, 60-69, 70+ years), region,
and professional group. For the detection of antibodies (Abs) to nucleocapsid (Nc) and S
glycoprotein receptor-binding domain (RBD), corresponding assay systems were used following
manufacturer instructions. The study was conducted in 4 stages according to a single scheme.
Results. In the 1st stage (pandemic month 15), collective immunity was due mainly to Nc*RBD* Ab
status alone. By the 2nd stage (carried out after 4 months), their share decreased 1.2-fold, while the
share of volunteers who had only RBD Abs increased 1.7-fold. In the 3rd and 4th stages (carried out
after 9 and 19 months), the share of persons with RBD*Nc- compared to the 2nd stage decreased by
3.5%; the proportion of persons with Nc*RBD- Abs increased by 1.5-fold. The most important factor
in population immunity was vaccination of the population, the coverage of which reached 70% by
the 4th stage. Among vaccines, the Sputnik V and Sputnik Light vector designs were used most
often. The whole-virion, inactivated BIBP-CorV vaccine was used less often. Conclusion. The
evolution of collective SARS-CoV-2 humoral immunity included a set of changes in circulating Ab
levels (Nc, RBD). The hybrid immunity formed helped to reduce the incidence to nearly zero.
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Introduction

Among the vast family of viruses that periodically cause infectious illness in humans,
coronaviruses did not initially attract much attention. Isolated in 1965 from a person with acute
coryza, they have long been associated with a mild, self-limiting upper respiratory tract infection.
Four types of seasonal coronaviruses have been known to be associated with common cold infection
in humans: two alpha (229E, OC43) and two beta (NL63, HKU1) [1,2]. The situation began to change
starting in 2002, when the first highly pathogenic strain of coronavirus emerged, causing a SARS
outbreak of more than 8,400 cases. Subsequently, this virus was named SARS-CoV [3].

Ten years later, another pathogenic Betacoronavirus representative appeared in the Middle East:
the causative agent of Middle East Respiratory Syndrome (MERS). It caused 1,348 infections from
2012-2015, in which 479 people died [3-6]. The evolution of pathogenic coronaviruses continued at
the end of 2019, on December 31 specifically, when a cluster of SARS patients was detected in a fish
market in the Chinese city of Wuhan. It was caused by a new Betacoronavirus representative, SARS-
CoV-2, causing a pandemic of acute respiratory infection pandemic (COVID-19) now in its third year
[7-9].

According to statistical sources, 630,164,738 people have been infected globally, including
6,577,479 deaths (as of October 14, 2022) [10,11]. A characteristic feature of SARS-CoV-2 is relatively
rapid viral evolution due to a rather high mutational variability [12,13]. Thus, the original Wuhan
viral line (2019-nCoV) was replaced by a new variant: B.1.1.7 (Alpha type), first isolated on September
20, 2020 in the UK [14]. In the same year, a variant, B.1.351 (Beta type) [15], was identified in S. Africa
(May 20). In November, a new variant, B.1.1.28 (P.1), was identified in Brazil, designated as the
Gamma viral line [16]. Around the same time, a virus was isolated in India, designated as B.1.617.2
(Delta variant) [17]. The latest virus was B.1.1.529, better known as the Omicron variant, which was
identified in November 2021 simultaneously in S. Africa and Botswana; it circulated at least until the
end of 2022 [18,19]. All of the aforementioned coronavirus variants were classified as variants-of-
concern (VOC) [11]. In addition to them, however, there are 7 additional, less pathogenic, strains.
These did not show significance in the pandemic process and were quickly forced out of circulation
by more pathogenic representatives.

In the Republic of Belarus (RB), the COVID-19 pandemic turned out to be less widespread than
in neighboring countries, such as Russia for example [20]. As of 14/10/2022, 994,037 individuals have
been infected in the RB, of which 7,118 (0.7%) have died. In terms of incidence, the Republic ranks
65th among nations globally. At the same time, like other countries globally, it was not bypassed by
the well-known SARS-CoV-2 lines that appeared in circulation [21]. By comparing the ordering of
SARS-CoV-2 variants and recorded peaks in morbidity, it was possible, with some degree of
probability, to predict the chronological sequence of the listed variants appearing in circulation in the
RB (Figure 1). At the same time, it should be noted that each subsequent viral variant caused a wave
of increased incidence in the RB, often 3-4 months later than peaks in many other countries.

d0i:10.20944/preprints202305.1536.v1
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Figure 1. Evolution of COVID-19 morbidity and vaccination dynamics in the Belarusian
population. Legend: blue line — morbidity throughout the COVID-19 epidemic among the Belarusian
pop.; colored rectangles — actual SARS-CoV-2 variants circulating over different periods; orange line
— the share of people who have completed vaccination; left vertical axis — morbidity per 100,000 pop.;
right vertical axis — the proportion of people who have completed full vaccination; horizontal axis —
week of the year; red triangles — demarcate stages I through IV of seromonitoring.

The first COVID-19 case was detected only in the 9th week of 2020, that is, at the end of the 2nd
month after the first case was detected in Wuhan [21]. The Alpha SARS-CoV-2 variant was identified
in the UK in September 2020, but only in February 2021 did it start circulating in the RB. Similarly,
the most transmissible Omicron variant was initially isolated in S. Africa in September 2021, but its
rapid, albeit short-lived, spread in RB was not seen until January 2022 (Figure 1). Thus, the epidemic
situation in the RB can be characterized by several features: relatively low population density (45.5
km?); later appearance of new SARS-CoV-2 genetic variants in circulation; and relatively low
morbidity, not exceeding 600 %000 (Figure 1), with mortality varying within 0.7%.

For comparison, in Poland (as of May 5, 2022): pop. density was 121.2 km; morbidity was 15834
%000; and COVID-19 mortality was 1.9%. In neighboring Ukraine (pop. density 75.6 km2), morbidity
was 12152 %000, and the COVID-19 mortality rate was 2.17%. In Hungary (pop. density 103.3 km?),
morbidity was 19803 %oo0, and the mortality rate reached 2.4%. In Lithuania (pop. density 40.6 km),
morbidity was unexpected high (39949 %o00), and the mortality rate was 0.9% [20,22].

Another factor likely preventing intense spread of SARS-CoV-2 among the Belarusian
population was substantial seroprevalence. According to a cross-sectional study to assess population
immunity in Belarus, the average level of seroprevalence for SARS-CoV-2 N protein Abs was 47.1%
already by May 2021 (95% CI: 46.3-48.0) [23]. Vaccination against pathogenic coronavirus was
launched in the first half of 2021 and actively carried out in the Republic. This undoubtedly became
a decisive prerequisite for increasing the level of population immunity. Indeed, a noticeable decrease
in COVID-19 morbidity was observed in the second half of 2022 (Figure 1).

It should also be noted that booster re-vaccination was launched among the population starting
from the 40th week of 2021. In result, vaccine coverage of the population had reached almost 70% of
the threshold starting from the 19th week of 2022. A sharp decrease in incidence to only sporadic
levels immediately followed. This is fully consistent with existing theories which assert that
achievement of 70% seroprevalence represents a threshold leading to interruption of pathogen
transmission [24,25]. This fact likely explains certain dynamics: the weak collective response to the
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introduction of the Delta variant into the RB; and the brief peak in morbidity associated with
circulation of Omicron B1.1.529 strains (Figure 1).

Of course, in parallel with changes in coronavirus genetic variants, humoral immunity in the
population inevitably evolved as well. When analyzing the COVID-19 morbidity curve alongside
vaccination dynamics, we notice a clear relationship. Specifically, the formation of population
immunity exerted a dominant, positive influence leading to the suppression, and then the cessation,
of the epidemic process among the population (Figure 1). Analysis of the evolution of SARS-CoV-2
collective immunity in the Belarusian population, in the context of the COVID-19 epidemic (second
half of 2020 and the first 10 months of 2022), was the main goal of this randomized longitudinal study.

Materials and Methods

Formation of the volunteer cohort. A study to assess the formation and progression of SARS-
CoV-2 collective immunity in the Belarusian population was implemented in 4 stages over 2021-22
(Figure 1). The 1st stage was carried out (May 14-19, 2021) with 12929 individuals taking part in the
survey. In the 2nd stage (Aug. 30 — Sept. 3, 2021), the number of examined individuals decreased by
28%, leaving to 9269 people. By the 3rd stage (Jan. 24 — 28, 2022), the cohort of examined persons
decreased by another 11.6%, leaving 8189. In the final 4th stage (Oct. 10 — 14, 2022), the surveyed
cohort size was 5755; some in this group had missed the 2nd and/or 3rd stages. To obtain comparable
results, only those individuals who participated in all stages of monitoring were selected from the
general cohort. These totaled 4661 people, and their results were used for subsequent analysis.

All studies were carried out exclusively on a voluntary basis in which each volunteer (or their
legal representative) was familiarized with the study's aims and conditions. The study was conducted
in strict accordance with the provisions of the Declaration of Helsinki. Prior to the start of the cross-
sectional study, the design was approved by the Bioethics Committee of the RB (protocol No. 2, dated
May 13, 2021) and the local ethics committee of the St. Petersburg Pasteur Institute (Proceedings No.
64, dated May 26, 2020).

All volunteers included in the cohort were clinically healthy. The exclusion criterion was: signs
of manifest COVID-19 during the survey period. Our methodology for cohort formation and
examination has been exhaustively described earlier [23,26,27]. Over the course of four stage
examination of individuals in the final cohort, antibodies (Abs) to two main antigens (Ags) were
determined in volunteer sera according to previously described methods [23,27]. These were Abs to
nucleocapsid (Nc) and to S protein receptor-binding domain (RBD). To obtain comparable results,
volunteers were randomized during cohort formation by age and region (Tables 1 and 2).
Randomization by age yielded a cohort profile similar to the age structure of the Belarusian

population [28].
Table 1. Age structure of the volunteer cohort.
Age group, years Analyzed
! Individuals Share of the cohort, %

1-17 547 11.7
18-29 406 8.7
30-39 664 14.2
40-49 820 17.6
50-59 793 17.0
60-69 704 15.1

70+ 727 15.6
total 4661 100.0

Upon regional randomization, the greatest volunteer representation was from Minsk (the
capital and most populous city) and the Mogilev region. The least was from the Gomel region. In
other administrative regions, representation was relatively uniform. Thus, based on the
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randomization performed, the distribution of volunteers by age and region satisfactorily
corresponded to demographic criteria (Table 2) [28].

Table 2. Randomization by region.

Region Individuals Share of the cohort, % (95% CI)
Brest Region 621 13.3 (12.4-14.3)
Vitebsk Region 513 11.0 (10.1-11.9)
Grodno Region 574 12.3 (11.4-13.3)

Gomel Region 418 9.0 (8.2-9.8)
Mogilev Region 1043 22.4(21.2-23.6)
Minsk Region 578 12.4 (11.5-13.4)
Minsk 914 19.6 (18.5-20.8)
total 4661 100

Some of volunteers participated in coronavirus vaccination deployed in the RB. In the 1st stage,
1168 people in the cohort were vaccinated. Of these, 85.3% received the Gam-COVID-Vac vector
vaccine (Sputnik V, Gamaleya National Center for Epidemiology and Microbiology, Moscow,
Russia), and 14.7% received the inactivated BBIBP-CorV vaccine (Sinopharm Group Co., Ltd,,
Shanghai, PRC). By the second stage, 1179 volunteers were vaccinated, with 85.3% receiving the
Sputnik V vaccine, 14.0% receiving BBIBP-CorV, and about 1% receiving other vaccines. By the 3rd
stage, another 1371 volunteers had been vaccinated. At the same time, the share immunized with
Sputnik V vaccines was 87.2%, and the share vaccinated with BBIBP-CorV was 12.7%. In the 4th stage,
1196 people were vaccinated, with 85.4% receiving Sputnik V and 14.5% receiving BBIBP-CorV.

Statistical analysis. The data obtained were processed using Excel 2010. Confidence intervals
(95% CI) were calculated according to the method of A. Wald and J. Wolfowitz [29], with the
corrections of A. Agresti and B. A. Coull [30]. Correlation analysis was performed using the Spearman
rank correlation method. The statistical significance of differences was calculated by z-test using a
corresponding online calculator [31]. The statistical significance of differences, unless otherwise
indicated, was assessed with a probability p<0.05.

Results

Characteristics of the COVID-19 epidemic process over the seromonitoring period. The cohort
of volunteers who took part in all stages of Ab seroprevalence assessment in the Belarusian
population during the COVID-19 pandemic was, as indicated, 4661 individuals. The first stage was
conducted from May 14 to 19, 2021 (weeks 19-20). During this period, there was a small peak in
morbidity within 88 %oc0. The B.1.1.7 (Alpha) viral variant circulated predominantly in the country,
yet without causing a significant increase in morbidity, which did not exceed 100 %oco0.

The second stage of monitoring (30.08-03.09.2021, week 35) featured a more difficult epidemic

situation, with the B.1.617.2 (Delta) variant circulating predominantly. Unlike the Alpha variant, it
was characterized by higher transmissibility and virulence [17,32].

The third stage of monitoring was carried out from January 24-28, 2022 (week 4), two weeks
before a sharp increase in morbidity, which reached a maximum of 583.7 %o00 (wWeek 6). Fortunately,
this outbreak turned out to be short-lived, and after 2 weeks a rapid decline ensued. This wave of
morbidity was caused by B.1.1.529 (Omicron), the circulation of which was still ongoing during the
4th stage of monitoring (10-14.10.2022, week 41).

In summarizing the data, it should be emphasized that fewer SARS-CoV-2 genetic variants
were seen in the RB than in the rest of the world. Indeed, a number of variants-of-concern were not
detected in the RB (B.1.351, B.1.1.28 (P.1), others), and incidence associated with circulating viral lines
was relatively low. A probable reason for this phenomenon could be strong collective immunity to
SARS-CoV-2, which had reached 50% (share vaccinated) near the beginning of Omicron circulation
(Figure 1). Considering that, by this time, about 11% of the population had manifested COVID-19
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[23,33], then the overall level of collective immunity could exceed 60%, even without taking into
account asymptomatic infections. Thus, it is logical to assume that a threshold was reached; it was
seemingly sufficient to reduce incidence to a sporadic level starting from week 20 (2022). A small one-
day outbreak (within 120 %00, week 28, 2022) did not change the main trend of near-zero morbidity
(Figure 1).

Evolution of SARS-CoV-2 Collective Immunity among Volunteers Assessed by Serological
Dynamics

Distribution of SARS-CoV-2 Seropositivity by Age Group

When analyzing the evolution of humoral immunity to SARS-CoV-2, we determined Ab
profiles generated in response to the circulation of two main viral antigens in the body, Nc and RBD.
For this purpose, four main groups were distinguished in the volunteer cohort. The first group
included individuals who did not have specific Abs circulating in their blood (anti-Nc or anti-RBD);
it was designated as Nc-RBD-. The 2nd group included volunteers in whose blood Nc Abs alone were
detected; it was designated as Nc*RBD-. The 3rd group included volunteers seropositive for RBD Abs
alone (RBD*Nc-). The last group included volunteers with both Ab types in their blood
simultaneously (Nc*RBD¥). All studies were conducted in a single cohort of 4661 selected volunteers,
with all volunteers participating in all monitoring stages.

In the 1st stage, a significant predominance of Nc*RBD* over NcRBD- (p<0.05) was noted,
mainly due to higher seropositivity among older (50-70%) individuals (Figure 2). The smallest
proportion of seropositive individuals was noted among Nc*RBD-. The share of RBD*Nc- turned out
to be approximately 4.5-fold higher than Nc'RBD-, while being significantly lower than Nc*RBD+ and
NcRBD- (p<0.05), except for the group '18-39 years', where differences with Nc'RBD* were not
significant (Figure 2, Table S1).

By the 2nd stage, the proportion of seronegative (Nc-RBD-) and specific seropositive groups
(Nc'RBD-, Nc*RBD*) significantly decreased (p<0.001). RBD*Nc-, on the contrary, increased
significantly (p<0.0001) (Figure 2, Table S1). A reason for these changes is likely expansion of
vaccination coverage, which by this time amounted to more than 15%. The most widely used
preparation during this period was Sputnik V (vector vaccine) whose mechanism leads to production
of RBD antigen alone. By the 3rd stage, a change in trend was noted, manifested by a noticeable
increase in the share of Nc*RBD*, alongside steep decreases in Nc RBD- and Nc*RBD- (p<0.0001), as
well as an insignificant decrease in RBD*Nc- (Figure 2, Table S1). By this time, vaccination coverage
was 47% (Figure 1).

d0i:10.20944/preprints202305.1536.v1
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Figure 2. Distribution of seropositivity (Nc, RBD) among volunteers by age group and
seromonitoring stage. Legend: Nc'RBD- — SARS-CoV-2 Ab seronegative individuals; Nc'RBD- —
those seropositive for Nc Abs only; RBD*'Nc- — those seropositive for RBD Abs only; Nc'RBD* —
those seropositive for both Abs. Vertical value axis: share of the age subgroup with the indicated
serological status, %. Sectors: age intervals, years. Numerical values for the graphs are given in Supp.
Table S1. Monitoring stage is indicated above the diagrams.

The situation that developed by the 4th stage was characterized by an absolute dominance of
Nc*RBD~ status (Figure 2, Table S1). Taking into account the short-term outbreak of COVID-19 in the
6th week of 2022, as well as the high level of vaccination (which amounted to 70.2% by the 4th stage),
it can be assumed that these factors contributed to the formation of a high level of Nc"RBD* dominant
positivity. It averaged 80.0% for the cohort (95% CI: 78.8-91.2), likely becoming one of the reasons for
the near-zero COVID-19 morbidity in the Belarusian population starting from week 20 of 2022 (Figure
1).

Features of Collective Immunity Formation in Different Belarusian Regions

The Republic of Belarus is a relatively compact nation, located on the hilly plain of Eastern
Europe, with a temperate continental climate and favorable environmental conditions. In general,
these conditions are typical for all of the Republic's regional administrative entities. As such, there
were no preliminary grounds to expect significant regional differences in the development of the
COVID-19 epidemic process. Our preliminary assumptions, and the results of a cross-sectional
randomized study [23], were in good agreement with each other.

In the 1st stage, there was a significant predominance of Nc'RBD* and NcRBD- status
compared with Nc"RBD- (p<0.0001) and RBD*Nc- (p<0.001) (Figure 3, Table S2).
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Figure 3. Distribution of volunteer seropositivity (Nc, RBD) by region and seromonitoring stage.
Legend: Nc'RBD- — SARS-CoV-2 Ab seronegative individuals; Nc*RBD- — those seropositive for Nc
Abs only; RBD*Nc~ — those seropositive for RBD Abs only; Nc"RBD* — those seropositive for both
Abs. Vertical value axis: share of residents with the indicated serological status, %. Sectors: age
intervals, years. Numerical values for graphs are given in Suppl. Table S2. Monitoring stage is
indicated above the diagrams.

By the 2nd stage, the structure of seropositivity had changed significantly. The RBD*Nc-
subpopulation became dominant, and the share of Nc*RBD* was lower. These differences, however,
only reached significance in Vitebsk oblast, Minsk oblast, and the capital Minsk (p<0.05). The share
of NcRBD- decreased significantly relative to RBD*Nc- in all regions (p<0.001). The share of Nc*RBD-
turned out to be 6 to 10-fold lower than other subpopulations (Figure 3, Table 52).

The structure of volunteer subpopulations in terms of seropositivity in stages 3 and 4 was
identical to that obtained when analyzing the data by age (Figure 2, Table S1). The share Nc"RBD*
increased from stage to stage. By the end of the study (stage 4), it reached a maximum, varying from
78.0% (95% CI: 73.7-81.9) in the Gomel region to 83.0% (95% CI: 80.4- 85.4) in Minsk. The share of
RBD*Nc- in the whole cohort, on the contrary, decreased from 36.0% (95% CI: 34.6-37.4) at the 3rd
stage to 15.8% (95% Cl: 14.7-16.8) at the 4th stage (p<0.0001). The shares of Nc-RBD- and Nc*RBD-
decreased from stage to stage, dropping to 2.1% by the end of monitoring (Figure 3, Table S2).

Thus, the dynamics of SARS-CoV-2 collective immunity among the populations of different
administrative regions in the RB turned out to be generally the same: a prevailing trend featuring an
increasing in the share of Nc*RBD*; associated breaks in viral transmission; followed by the near
cessation of COVID-19 epidemic incidence, at least in terms of manifest forms of infection.
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Influence of Occupational Factors on the Structure of SARS-CoV-2 Antibody Seroprevalence

Occupation can have a significant impact on seroprevalence level and structure. There is an
extensive list of professions that involve constant wide contact with the surrounding population.
Visual, and often tactile, contacts with people are typical for

certain professional categories, such as healthcare, education, trade, transport, catering,
consumer services (hair salons, massage parlors, spas, etc.), as well as among a number of other
people who cannot carry out their work duties remotely or in self-isolation mode. As such, it follows
that SARS-CoV-2 Ab seroprevalence among individuals in such professions can have a significant
impact on the course and outcome of the COVID-19 epidemic process. Analysis of seropositivity
levels, taking into account the professional structure of the surveyed cohort, was the next step in
monitoring assessment (Figure 4, Table S3).
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Figure 4. Distribution of volunteer seropositivity (N¢, RBD) by professional group and
seromonitoring stage. Legend: Nc'RBD- — SARS-CoV-2 Ab seronegative individuals; Nc"RBD- —
those seropositive for Nc Abs only; RBD*Nc¢- — those seropositive for RBD Abs only; Nc*RBD* —
those seropositive for both Abs. Vertical value axis: share of occupational group with the indicated
serological status, %. Sectors: age intervals, years. Numerical values for the graphs are given in Supp.
Table S3. Monitoring stage is indicated above the diagrams.

In the 1st stage, a noticeable spread in the shares of Nc'RBD-, RBD*Nc- and Nc¢*RBD* was
observed (Figure 4). When calculating the variance, the largest value was noted in Nc-RBD- (81.86);
the smallest was in RBD*Nc- (35.64). The share of Nc'RBD- was only 5.4% (95% CI: 5.1-6.1); the
dispersion was 4.18. The largest proportion of Nc-RBD- was observed among children (58.8%; 95%
Cl: 44.2-72.4). In the Nc'RBD* group, the maximum proportions were found among military
personnel (56.7%; 95% CI: 37.4-74.5) and civil servants (53.3%; 95% CI 44.1-62.2) (Table S3).
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Stage 2 was characterized by an increase in the proportion of RBD*Nc- in almost all population
groups: from 22.7% (95% CI: 21.6-24.0) in stage 1 to 39.5% (95% CI: 38.1-40.9); differences were
significant at p<0.0001 (Figure 4, Table S3). The shares of all other categories, on the contrary,
decreased: Nc-RBD- by 1.3-fold; Nc*RBD- by 1.5-fold; and Nc*RBD+ by 1.2-fold. The differences were
significant (p<0.05).

The general trend of changes in the structure of immunity in later stages was noted in all
population groups, regardless of the field of activity. By the 3rd stage, the structure of seropositivity
had noticeably changed. The share of Nc*RBD* increased to 49.5% (95% CI: 48.0-50.4) compared to
32.7% (95% CI: 31.3-34.0) in the 2nd stage; the differences were significant (p<0.001). A pronounced
decrease (almost 2-fold) to 12.1% (95% CI: 11.2-13.1) was noted for Nc-RBD-. The RBD*Nc- value
decreased by an average of 3.5% for the cohort to 36.0% (95% CI: 34.6-37.4). The differences with 2nd
stage data were significant (p<0.05).

In the 4th stage, the trend towards the formation of stable collective immunity reached its
maximum strength, manifested in all population groups as a significant increase in the proportion of
Nc'RBD~. It ranged from 74.3% (95% CI: 56.7-87.5) in the group 'scientists' to 87.0% (95% CI: 73.7-95.1)
in the group 'students'. In result, the proportions of Nc-RBD- and Nc*RBD- in each population group
decreased to 2-3% (Figure 4, Table S3).

In summarizing the obtained data, we can formulate the main trend regarding collective
immunity. Active immunization, carried out across the 4-stage seromonitoring period, was
accompanied by the accumulation of SARS-CoV-2 specific Abs, and these likely became the leading
factor in reducing pathogen circulation. COVID-19 incidence and spread were nearly stopped, at least
in terms of symptomatic infections.

Quantitative Distribution of Nc Abs during Seromonitoring

Assessment of general seroprevalence is convenient and informative, but it does not represent
fine data on the quantitative distribution of Nc or RBD antibodies. To quantitatively measure the
levels of circulating Abs in volunteers at each stage of seromonitoring, an appropriate test system
was used, as described in a previous work [23]. When assessing the distribution of Nc Ab levels in
volunteers of all age groups, the predominance of low Ab levels (31.3-125.6 BAU/ml) attracts
attention (Figure 5, Table S4).
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Figure 5. Distribution of Nc Ab levels by volunteer age group and seromonitoring stage.

The vertical value axis is percentage of all seropositive individuals (normalized to 100%) in the
age subgroup with the indicated serological status, %. Sectors: volunteer age intervals, years. Legend:
Nc Ab quantitative levels in BAU/ml. The numerical values are given in Supplementary Table S4.
Monitoring stage is indicated above the diagrams.

In the 1st stage, the share of such individuals was 21.3% (95% CI: 20.1-22.5), which was 2.2 to
8.4-fold higher than the proportion of volunteers with other Nc Ab levels (Figure 5, Table 54). The
distribution of Nc Ab levels in age groups turned out to be relatively homogeneous, with minor
exceptions: a slight predominance of individuals with very low levels (16.8-31.2 BAU/ml) in the
children's group; and a somewhat higher share of those with Ab levels of 31.3-125.6 BAU/ml in the
group '50-59 years old'. Differences in both groups, relative to the cohort mean, were significant
(p<0.05).

In the 2nd stage, the share of individuals with an Ab level of 31.3-125.6 BAU/ml decreased to
an average of 17.5% (95% CI: 16.4-18.6); differences from 1st stage data were significant (p<0.05). The
decrease was due to an almost two-fold decrease in the proportion of such persons among children
and adults aged 18-29 years (Figure 5, Table 54); the differences were significant (p<0.0001).

In the 3rd stage, antibody distributions almost returned to stage 1 levels. A four-fold increase
was noted only among individuals with an Ab level > 502.5 BAU/ml (Table 54).

In the 4th stage, significant increases in the shares of seropositive volunteers were observed at
all quantitative levels, with the exception of the interval 16.8-31.2 BAU/ml. In the subgroup 31.3-125.6
BAU/ml, the share of volunteers increased by 1.5-fold (p<0.0001). In the subgroup 125.8-251.2
BAU/ml, the increase was 2.1-fold (p<0.0001). In the subgroup 251.4-502.5 BAU/ml, the increase was
2.0-fold (p<0.001). In the subgroup with maximum Ab levels (>502.5 BAU/ml), the increase was 1.9-
fold (p<0.001). It can be assumed that the noted growth was associated with an increase in the
proportion of Nc*RBD* volunteers at this stage, which can be clearly seen in Figure 2 (Stage 4).



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 May 2023 doi:10.20944/preprints202305.1536.v1

12

Since it has been shown that neutralizing activity against SARS-CoV-2 is more associated with
RBD Abs [34], these levels were also assessed (Figure 6, Table S5). In the 1st monitoring stage, the
largest proportion of seropositive volunteers carried RBD Abs at the 22.6-220.0 BAU/ml level (Figure
6). The largest share of such persons was noted in the group aged 1-17 years (44.6%; 95% CI: 40.4-
48.8). The smallest was noted in the group aged 60-69 years (26.4%; 95% CI: 23.2-29.8). The differences
were significant (p<0.001).

Stage 1 Stage 2
1_17 1'17
60
70+ 18-29 70+ 18-29
60-69 30-39 60-69 30-39
50-59 40-49 50-59 40-49
—e—226-220 —€—221-450 —e—>450 —9—22.6-220 —8—221-450 —@— >450
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Figure 6. Distribution of RBD Ab levels by volunteer age group and seromonitoring stage.

The vertical value axis is percentage of all seropositive individuals (normalized to 100%) in the
age subgroup with the indicated serological status, %. Sectors: volunteer age intervals, years. Legend:
RBD Ab quantitative levels in BAU/ml. Quantitative data are given in Supplementary Table S5.
Monitoring stage is indicated above the diagrams.

In the 2nd stage, significant changes were not noted. The shares of individuals with minimum
(22.6-220 BAU/ml) and maximum (>450 BAU/ml) levels increased by an average of 4.4% (differences
from stage 1 were significant, p<0.05). In the group with Abs in the range 221-450 BAU/ml, there were
practically no changes compared with the 1st stage (Figure 6, Table S5).

By the 3rd stage, an increase in the proportion of volunteers with high RBD Ab levels was noted.
The share of volunteers with Ab levels of 221-450 BAU/ml increased by 5.4% to 16.9% (95% CI: 15.8-
18.1); differences from 2nd stage data were significant (p<0.001). In the subgroup with Abs >450
BAU/ml, the increase was 10%, reaching 30.0% (95% CI: 28.7-31.4); differences from stage 2 were
significant (p<0.0001).

By the 4th stage, the proportion of individuals with an Ab level of 221-450 BAU/ml increased
by another 4.7% to 21.6% (95% CI: 20.4-22.8). In the subgroup with Ab levels of >450 BAU/ml, it
reached a maximum of 51.0% (95% CI: 49.6-52.4). The differences were significant (p<0.00001).
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Thus, the evolution of collective humoral immunity across the stages of seromonitoring was
manifested by a significant increase in the proportion of seropositive volunteers with maximum RBD
Ab levels and, to a lesser extent, anti-Nc Ab levels. One likely driving factor in this process could be
the vaccination pattern in the Belarusian population.

Structure of Volunteer SARS-CoV-2 Vaccination during the Monitoring Period

By the 18th week of 2021 (before commencement of this study), the COVID-19 pandemic had
already lasted 15 months and passed at least 2 main waves. Ten weeks before the start of
seromonitoring, vaccination began in the RB. Coverage by week 18 reached 2.1% of the Belarusian
population (Figure 1). In the initial period, the Sputnik V (Gam-COVID-Vac) vector vaccine was
mainly used in the country; its share was 89.2%.
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20
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1st 2nd 3rd 4th

Monitoring stage

® SputnikV ® Sputnik light mBBIP CorV = EpiVacCorona M KoviVac ™ Sinovac-CoronaVac ™M Other

Figure 7. Vaccine usage structure in the Republic of Belarus during the seromonitoring period.
Legend: Other — volunteers were unable to specify the vaccine type received. The number 1.6 at the
top of column 3 is the total share of EpiVacCorona, CoviVac and Sinovac-CoronaVac vaccines.

Some volunteers could not name the type of vaccine received. The data for these individuals
were grouped separately and designated as 'Other’ (Figure 7). There were 10.8% of such individuals
in the 1st stage of the study. Such uncertainties were no longer observed in subsequent monitoring
stages.

In the 2nd monitoring stage, the structure of vaccine usage changed somewhat: the share of
Sputnik V decreased by 3.9%; but at the same time, the BBIBP-CorV whole-virion vaccine was added,
the share of which was 14.7%.

In stage 3, the range of vaccines expanded as much as possible. At the same time, the share of
Sputnik V decreased to 32.8%, and the share of BBIBP-CorV increased to 33.4%. In addition, the
Sputnik Light vector vaccine (32.1%), and four preparations in minor quantities (EpiVacCorona,
CoviVac and Sinovac-CoronaVac) were added. The total share of the latter group was only 1.6%.
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By the last stage, the range of the main vaccines used was preserved; only their proportions
changed. The share of Sputnik V decreased to 15.1%, the share of Sputnik Light increased, and BBIBP-
CorV decreased by 11% to 22.4%.

Changes in the list of vaccines used in the 3rd and 4th stages can be explained to some extent
by the booster re-vaccination campaign, in which Sputnik Light was most often used. The campaign
started on weeks 39-40 of 2021. By the 4th stage, re-vaccination coverage amounted to almost 40% of
the total number of people who had fully completed immunization. In this regard, it can be
reasonably argued that the most important consequence of the implementation of the primary
immunization and booster revaccination programs was a sharp decrease in the number of illnesses
to nearly zero starting from the 19th week of 2022. The short-term surge in infections noted on the
27th week (2022) was an isolated event that did not affect the general trend of the epidemic process.

Discussion

The COVID-19 epidemic in the Republic of Belarus was milder than in neighboring countries.
According to official data for the entire pandemic period, almost 990,000 people fell ill in the country.
According to this indicator, Belarus ranks 75th in the world [33]. Such low morbidity is probably due
not only to relatively low population density (45.5 km2), but also to active vaccination, which by mid-
October 2022 amounted to 70.2% of the population. This was accompanied by a set of other measures
to prevent the spread of COVID-19 in the Republic [35].

Asin other countries, SARS-CoV-2 during the epidemic period in the RB has undergone specific
evolution associated with antigenic variability of the virus (Figure 1). The beginning of the epidemic,
like the rest of the world, was due to circulation of the ancestral (Wuhan) viral strain, which became
the source of almost instantaneous infection of people globally. In the RB, the first cases of infection
were detected in the 15th week of 2020. The strain disappeared from circulation by about week 30 of
2020 and was replaced by the first mutated strain, B.1.1.7 (Alpha). In weeks 24-25 of 2021, the B.1.612.2
(Delta) variant forced out Alpha from circulation, and from the 1st week of 2022 it was replaced by
line B.1.1.629 (Omicron). In fairness, it should be noted that successive viral variants did not cause
massive morbidity. For the most part, COVID-19 morbidity did not exceed 100-170 cases per 100,000
population.

One of the reasons for this situation could be collective humoral immunity formed after
COVID-19 illness. The first stage of the study (assessing the state of collective humoral immunity)
was carried out from May 14 - 19, 2021. By this time, the COVID-19 pandemic had already lasted for
17 months, and about 380,000 people had experienced symptomatic illness (about 4.7% of the total
population). To this should be added about 45% of the population who had experienced
asymptomatic infection [23]. In total, at least 50% could have had an immune response to either Nc
or RBD antigen, or both.

The results of serological testing of the population for the presence of SARS-CoV-2 Abs in the
1st monitoring stage generally confirmed this hypothesis. When assessing total seroprevalence in the
entire age-stratified cohort, the proportion of individuals who had any specific Abs (to Nc, RBD, or
both) was 67.8% (95% CI: 66.5-69.2). The majority of volunteers were seropositive for both Ags
(Nc*RBD¥). In terms of age, the highest seropositivity was seen among those aged 50-70"; the lowest
was seen in those aged 18-29 years (Table S1). It can be assumed that the higher level of seropositivity
in older volunteers (about 70.0%) is due to the presence of pre-existing cross-immunity elicited as a
result of anamnestic contact with endemic strains of coronaviruses [36]. As for the low seropositivity
in the age group of 18-29 years, 61.3% (95% CI: 56.4-66.1), a certain proportion of them were students,
among whom up to 40%, according to some data, are skeptical about the idea of vaccination against
SARS-CoV-2 [37-39]. This was probably an additional reason why more than a third of volunteers of
this age did not have specific Abs (Table S1).

As the COVID-19 vaccination campaign expanded, the pattern of circulating Abs changed
markedly. The proportion of seronegative volunteers (NcRBD-) decreased from 32.2% (95% CI: 30.8-
33.5) to 24.2% (95% CI: 23.0-25.4). The shares of other subpopulations varied in different directions:
Nc*RBD- decreased by 1.5-fold to 3.7% (95% CI: 3.2-4.2); Nc*RBD* decreased by 1.2-fold to 32.7 (95%
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CI: 31.3-34.0); while RBD*Nc-, on the contrary, increased 1.7-fold and amounted to 39.5% (95% CI:
38.1-40.9). Distribution by age interval was relatively uniform. Significant increases were noted in the
RBD*Nc- subgroup among people aged 18-29, as well as in the Nc*RBD* subgroup among older
volunteers aged 50 to 70* (p<0.05 in both cases).

As vaccination coverage increased, there was a trend towards an increase in RBD positivity in
the Belarusian population. By stage 3, in particular, the share of Nc'RBD* individuals increased by
1.5-fold to 49.5% (95% CI: 48.0-50.9). The growth in fully seropositive individuals was accompanied
by a slight decrease in the share of RBD*Nc- by 3.5% and a decrease in Nc-RBD- by 2-fold.

The outlined trend reached its greatest expression by the 4th stage. The share Nc'RBD*
increased to 80.0% (95% CI: 78.8-91.2), while RBD*Nc- and NcRBD- decreased by 2.3 and 5.8-fold,
respectively (Table S1). The described processes were noted during stratification by age, region, and
occupational group (Figures 2—4, Tables S1-53). Some minor group differences were seen leading to
some heterogeneity, yet the overall evolution of collective immunity was not affected in any
substantial way by subgroup differences.

Assessment of collective immunity would not be complete without a quantitative analysis of
peripheral blood Ab content. As part of this study, the quantitative content of circulating anti-Nc and
anti-RBD Abs was assessed (Figures 5 and 6; Tables 54 and S5). The 1st stage survey showed a
predominance of individuals with Nc Ab content within the range 31.5-125.5 BAU/ml in the cohort.
The share of such volunteers in the whole group was 21.3% (95% CI: 20.1-22.5); differences between
cohort age groups were not significant. In the 2nd stage, a significant decrease in the proportion of
individuals with such Abs (31.5-125.5 BAU/ml) down to 17.5% (95% CI: 16.4-18.6) was revealed
(p<0.0001). In the remaining groups, a weak growth in the number of individuals was noted for all
Nc Ab levels (Figure 5, Table 54). In the 3rd and 4th stages, due to the general increase in Nc Ab
seroprevalence in the population, the number of volunteers with Nc Abs increased evenly in all
serological intervals.

The distribution patterns of seropositive volunteers by RBD Ab level generally mirrored Nc Ab
distributions, with the exception of certain features (Figure 6, Table S5). In the first two stages of
seromonitoring (carried out an interval of 4 months), individuals with RBD Ab levels of 22.6-220
BAU/ml prevailed in all age groups. This was especially pronounced among children, where their
proportions were 44.6% (95% CI: 40.4-48.8) and 49.3% (95% CI: 45.0-53.7), respectively. Starting from
stage 3, the proportion of people with maximum RBD Ab levels (450 BAU/ml) increased
significantly. By stage 4, it reached an average of 51.0% (95% CI: 49.6-52.4). In those older than 40
years, it ranged from 51.0 to 59.9%. In all cases, the differences were significant (p<0.0001).

Overall, the described seropositivity dynamics clearly indicate the evolution of collective
humoral immunity towards the formation of a full response following not only to infection
(cumulative incidence), but also the use of specific SARS-CoV-2 vaccines. In result, these processes
led to the simultaneous circulation of Nc and RBD Abs, with a predominance of anti-RBD Abs. A
likely prerequisite for this could be the predominant use of vector vaccines, in particular Sputnik V,
during primary vaccination (stages 1, 2) and booster vaccination (stages 3, 4). At the same time, the
total share of both Sputnik vaccines in the overall structure varied from 89.2% in the 1st stage to 77.6%
in the 4th (Figure 7).

Taking into account the previously noted effectiveness of vector vaccines [40], the widespread
use of the Sputnik family of vaccines may have become a significant factor behind decreasing COVID-
19 incidence in the population. Another pattern confirming such a process is the inverse relationship
between population humoral immunity and morbidity: an increase in post-vaccination resistance is
inevitably accompanied by a decrease in morbidity [23,41-46].

The combined increase in the content of the two main antibody types indicates the formation
of hybrid immunity [47], usually featuring maximum protection against the “aggression” of a
pathogenic agent [40]. The use of a range of specific vaccines made it possible to create the required
level of COVID-19 resistance in the population (Figure 7).

In the initial period, the Gam-COVID-Vac vector vaccine (Sputnik V) was mainly used, which
made it possible to form a stable pool of RBD Abs, which laid the foundation for the formation of
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hybrid immunity. In the 2nd stage, usage of vector vaccines remained almost at the initial level. In
the 3rd stage, usage ratios were: almost 2/3 vector vaccines and 1/3 inactivated vaccine (BBIBP-CorV).
In the 4th stage, the spectrum of vaccines was preserved, but the ratio changed due to expanded
usage of the Sputnik Light vaccine.

Conclusion

Consistent use of vector vaccines that do not contain Nc antigens was sufficient to form a
maximal level of post-vaccination immunity. The additional introduction of the whole-virion
inactivated BBIBP-CorV vaccine into the practice of vaccination served as a prerequisite for maximal
growth of hybrid immunity and, ultimately, the near-complete elimination of new COVID-19 cases.
Based on the data obtained, we can formulate a key requirement in the formation of robust
coronavirus immunity: maximum vaccination coverage using a wide range of vaccines, with both
vector and inactivated whole-virion platforms present. This approach, combined with anamnestic
morbidity, makes it possible to form the most durable adaptive immunity.
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