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Abstract: The SARS-CoV-2 pandemic, which came to Russia in March 2020, is accompanied by
morbidity level changes and can be tracked using serological monitoring of a representative pop-
ulation sample from Federal Districts (FDs) and individual regions. In a longitudinal cohort study
conducted in 26 model regions of Russia, distributed across all FDs, we investigated the distribu-
tion and cumulative proportions of individuals with antibodies (Abs) to the SARS-CoV-2 nucle-
ocapsid antigen (Ag), in the period from June to December 2020, using a three-phase monitoring
process. In addition, during the formation of the cohort of volunteers, the number of seropositive
convalescents, persons who had contact with patients or COVID-19 convalescents, and the preva-
lence of asymptomatic forms of infection among seropositive volunteers were determined. Ac-
cording to a uniform methodology, 3 mL of blood was taken from the examined individuals, and
plasma was separated, from which the presence of Abs to nucleocapsid Ag was determined on a
Thermo Scientific Multiascan FC device using the “ELISA anti-SARS-CoV-2 IgG” reagent set (prod.
Scientific Center for Applied Microbiology and Biotechnology), in accordance with the developer’s
instructions. Volunteers (74,158) were surveyed and divided into seven age groups (1-17, 18-29,
30-39, 4049, 59-59, 60-69, and 70+ years old), among whom 14,275 were identified as having an-
tibodies to SARS-CoV-2. The average percent seropositive in Russia was 17.8% (IQR: 8.8-23.2). The
largest proportion was found among children under 17 years old (21.6% (IQR: 13.1-31.7). In the
remaining groups, seroprevalence ranged from 15.6% (IQR: 8-21.1) to 18.0% (IQR: 13.4-22.6).
During monitoring, three (immune) response groups were found: (A) groups with a continuous
increase in the proportion of seropositive; (B) those with a slow rate of increase in seroprevalence;
and (C) those with a two-phase curve, wherein the initial increase was replaced by a decrease in the
percentage of seropositive individuals. A significant correlation was revealed between the number
of COVID-19 convalescents and contact persons, and between the number of contacts and healthy
seropositive volunteers. Among the seropositive volunteers, more than 93.6% (IQR: 87.1-94.9) were
asymptomatic. The results show that the COVID-19 pandemic is accompanied by an increase in
seroprevalence, which may be important for the formation of herd immunity.

Keywords: SARS-CoV-2; COVID-19; herd immunity; asymptomatic form; Russia; population

1. Introduction

Following its appearance in late 2019, the novel coronavirus infection (COVID-19)
has retained its epidemic potential for almost a year and a half. As of 31 May 2021, more
than 171.2 million cases of pathogenic coronaviral infection have been registered in most
countries of the world, of which more than 3.5 million (2.04%) have died. In Russia, as of
30 May 2021, there were 5,063,442 registered persons infected with SARS-CoV-2, 121,168
(2.4%) of whom have died. As these figures make clear, significant transmissibility, ac-
companied by a low mortality (somewhat comparable to that of influenza) is a charac-
teristic property of this pathogen [1].

Further, although COVID-19 mortality is almost the same as that of epidemic in-
fluenza as noted, the frequency of complications (nervous, respiratory and cardiovascu-
lar systems) is much higher [2—4]. For a year and a half of the COVID-19 pandemic, hu-
manity has not been able to find effective ways to treat the infection [5]. In this regard,
special attention is paid to the problem of collective immunity, which is ordinarily un-
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derstood as the ability to resist the pathogenic action of a specific agent (of a bacterial or
viral nature) that a particular population possesses [6]. There are two ways to build re-
sistance to the epidemic spread of any infection, including coronavirus: natural and arti-
ficial. In the former, it arises as a result of transmitted illness in susceptible individuals,
as a result of their infection with a pathogenic strain. In the latter, it results from the use
of specific vaccines [7]. The natural way of forming such a condition, as a result of the
transmitted infection, is associated with an unacceptable risk of developing certain com-
plications, including in some cases death [8]. In this regard, one should not expect a sig-
nificant increase in the immune portion of the population which, according to contem-
porary estimates, might be 1%-2%. This figure does not include persons who have ac-
quired immunity to SARS-CoV-2 as a result of asymptomatic infection. Even with these
cases, global population immunity does not exceed 3%—6% [9].

There remains only one, highly effective way to create herd immunity: vaccination.
The most impressive progress in this direction has been achieved in Israel [10]. Accord-
ing to these authors, by the beginning of February 2021, up to 35% of the population in
that country had been vaccinated at least once, and up to 80% of these were people over
60 years old. In addition, according to the same data, about 7.5% had already had an ill-
ness and acquired immunity from infection. Thus, the overall prevalence of collective
immunity exceeded 42%. As a result, according to the authors, the country managed to
achieve a 100-fold decrease in the incidence rate and a 50-fold decrease in the number of
severe cases in 90 days [10]. With regard to collective immunity in other regions, the
highest levels were recorded in Iran, Sweden and Chile. The lowest were in Greece, Ma-
laysia, and Brazil [9].

The effectiveness of herd immunity formation, natural or artificial, depends on a
threshold level which, in turn, is determined by the degree of susceptibility of individu-
als and the population as a whole, and the intensity of contacts (and the associated
probability of transmission of the pathogenic agent to susceptible individuals). The
number of secondary infections that one infected person can cause, in a fully susceptible
population, is called the base reproductive number (Ro) [7]. With regard to SARS-CoV-2,
this value is about 5.7, which corresponds to a herd immunity level of 82.5% [11]. Such
calculations make it possible to predict more accurately the rate of formation of popula-
tion immunity, one of the essential characteristics of which is the formation rate of spe-
cific antibodies.

Serological studies are an important tool for epidemiological monitoring of the
spread of infection, identification of risk groups and the development of adequate
measures to control the spread of infection. Modern sero-monitoring is based on deter-
mining the quality and quantity of antibodies (Ab) specific to a virus or its individual
(Ags). Such detection makes it possible to assess not only pathogen contact, or response
levels to the introduction of specific vaccines, but also to assess a person’s degree of
protection from development of the disease [12]. In addition, such assessment is indis-
pensable for retrospective identification of asymptomatic cases, as well as for identifying
people who have recovered from COVID-19, whose antibodies can be used for plasma
therapy for critically ill patients [13].

Since the beginning of the COVID-19 pandemic, many researchers have focused on
obtaining global and regional sero-epidemiological information [9,14,15]. In Russia, the
first studies of collective immunity in the population to SARS-CoV-2 were launched at
the initiative of the Federal Service for Supervision of Consumer Rights Protection and
Human Welfare (Moscow, Russia) with the participation of the St. Petersburg Pasteur
Institute. (St. Petersburg, Russia) The project is being implemented in three phases. The
first phase is a cross-sectional study of SARS-CoV-2 seroprevalence in 26 model regions
of Russia. The second and third phases are a longitudinal study of seroprevalence dy-
namics in cohorts of volunteers, formed in model regions in the first phase. Considering
that a three-phase study was carried out in 30.5% of all constituent entities of the Rus-
sian Federation, wherein live 84,944,131 (58.1%) individuals, the results obtained can
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quite correctly be extrapolated for the entire Russian territory. The purpose of this work
was to analyze and summarize data on the state of Russian population immunity to
SARS-CoV-2 during the COVID-19 pandemic in 2020.

2. Materials and Methods
2.1. Study Organization and Formation of a Volunteer Cohort

The first studies of collective immunity to SARS-CoV-2 in Russia were launched in
June 2020, simultaneously in 26 regions of the country, within the framework of the
program “Assessment of population immunity to the SARS-CoV-2 virus in the Russian
population”, in the context of the COVID-19 pandemic, developed by the Federal Ser-
vice for Surveillance on Consumer Rights Protection and Human Welfare (Rospo-
trebnadzor, Moscow, Russia) with the participation of the St. Petersburg Pasteur Insti-
tute (St. Petersburg, Russia), taking into account WHO recommendations [16]. The study
was approved by the local ethics committee of the St. Petersburg Pasteur Institute (Pro-
tocol No. 64, dated 26 May 2020). Prior to the study, all the participants or their legal
representatives were informed about the purpose and methods of the study; all of them
signed the informed consent. The exclusion criterion was active COVID-19 infection at
the time of the survey.

To conduct research on the population’s immunity to SARS-CoV-2 in each of the 26
regions of Russia, a group of volunteers was recruited, consisting of at least 2688 people.
Selection was carried out by the method of online survey using cloud (internet server)
technologies and randomization by age and area of residence. A total of 74,128 people
were selected, which amounted to 2802 people (95% CI 2588-2938) in each region. All
volunteers were divided into seven age groups (years old): ‘1-17’; “18-29’; ‘30-39’; ‘40—
49’;'50-59’; ‘60-69’; and 70 or above (‘70+'). In addition, to take into account the dynamic
processes involved with pediatric immune system maturation, the children’s cohort was
divided into three age subgroups (years old): ‘1-6’; ‘7-13’; and ‘14-17".

The regional principle of randomization assumed an equal distribution of volun-
teers in the population centers of each of the surveyed areas of Russia. A limitation was
the number of participants in the study. There could be no more than 30 from one or-
ganization. This excluded participation in the study by organized groups (preschool in-
stitutions, schools, military units, etc.). Cohort sizes for each region and age distribution
are presented in Table S1 [17].

Thus, selection of volunteers and randomization according to regional and age
characteristics made it possible to obtain a generally homogeneous set of samples in
each district of the Russian Federation. Although the number of subjects examined in
each group varied, these variations were generally small. The total number of outlier
values, due to volunteer response characteristics, did not exceed 5%, and they do not af-
fect the main trend represented by median, upper and lower quartiles for 2802 (IQR:
2688-2938) people.

Analysis of serological prevalence dynamics (Abs to SARS-CoV-2) was carried out
in three phases: the first phase (volunteer cohort formation) in June-July 2020; the sec-
ond phase in September to October 2020; and the third phase in December 2020. The
same participants were examined in all phases. The first phase of sero-monitoring was
combined with the formation of an initial cohort of volunteers. Most of the volunteers
examined during cohort formation participated in serological examination in the second
and third phase of sero-monitoring (Table S2).
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2.2. Antibody Analysis Methodology

The main objective of the study was to assess the serological prevalence of Abs to
the nucleocapsid Ag (Nc) of SARS-CoV-2 among the Russian population. For this, 3 mL
of venous peripheral blood was collected from volunteers into vacutainers with EDTA
and centrifuged. Plasma was separated from cellular elements and stored at +4 °C until
analysis. Plasma samples were analyzed by enzyme immunoassay on a Thermo Scien-
tific Multiascan FC (Vantaa, Finland) device for the presence of specific type G immuno-
globulins to SARS-CoV-2 Nc using a reagent kit (prod. Scientific Center for Applied Mi-
crobiology and Biotechnology, Obolensk, Moscow Region, Russia) according to the
manufacturer’s instructions [18,19].

2.3. Statistical Analyses

Statistical processing was carried out by methods of non-parametric statistics using
Excel and WinPepi software (version 11.65). Confidence intervals for proportions were
calculated according to A. Wald’s method, with correction according to Adresti and
BCoul [20], using a special calculator (https://measuringu.com/calculators/wald/) (ac-
cessed 1 June 2021), as presented [21]. In a number of studies, the standard error of the
share was determined with this resource
(https://statanaliz.info/statistica/opisanie-dannyx/dispersiya-i-standartnaya-oshibka-doli
/) (accessed 9 June 2021). Normality of distribution was determined according to the
Kolmogorov-Smirnov goodness-of-fit test
(https://medstatistic.ru/methods/methods10.html) (accessed 9 June 2021). Since the dis-
tribution was different from normal, the median (Me), lower (Q25) and upper (Q75)
quartiles were calculated. Correlation dependence was estimated by the Spearman
method. In paired linear regression, the following equation was obtained: y = a0 +y al x
x, where a0 and al are the constant and the regression coefficient, and x is the value of
the dependent variable. To assess the quality of the selection of a linear function, the de-
termination coefficient R? was calculated. A determination of ‘statistically significant’
(differences in indicators) was applied when p < 0.05.

2.4. General Features of Collective Immunity to SARS-CoV-2 in the Russian Population

An essential condition for the implementation of the program for studying the col-
lective immunity to SARS-CoV-2 among the population of Russia was the formation of a
cohort of volunteers representative of the entire country’s population. For this purpose,
model regions were selected, representing all Russian FDs, in such a way that the overall
cohort was representative of the total population (Table 1).

After selection of volunteers in 26 regions of the country, the entire cohort was ex-
amined for the presence of anti-Nc antibodies. Subsequent analysis of the results ob-
tained for the FDs showed that more than 50.8% of the Russian population live in the
area of the 26 surveyed regions (Table 1).

Table 1. Distribution of model regions by Russian Federal District [17-19,22-33].

Characteristics of the Surveyed Characteristics of the Surveyed Cohorts

Regions in the FD
Federal Number Total number egions In the
District © of Population Number of Population Size of Number of Seroprevalence,
Regions P! Surveyed P Also Number of . % (95%
(FD) . Constituents . . Surveyed Areas, Seropositive .
in the FD Regions in Persons in % volunteers Persons Confidence
the FD € € Interval, CI)
FEFD 11 8,124,053 3 3,960,816 48.8 8295 2384 28.7 (27.8-29.7) *
NCFD 7 9,967,301 1 2,792,796 28.0 2683 262 9.8 (8.6-11.0) *
UFD 6 12,329,500 3 9,276,273 752 8584 1589 18.5 (17.6-19.4)
NWED 11 13,941,959 4 9,028,541 64.8 11,899 3800 31.9 (30.9-32.9) *
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SbFD 10 17,003,927 3 8,016,756 47.1 8165 748 9.2(8.3-9.7) *

SFD 8 16,482,488 4 12,764,789 77.4 11,632 1633 14.0 (13.4-14.7) *
VFD 14 29,070,827 3 9,465,793 32.6 8982 1695 18.9 (17.9-19.8)
CFD 18 39,250,960 5 24,706,022 63.9 13,964 2164 15.7 (15.1-16.5) *
Total 85 146,171,015 26 80,011,786 54.8 74,158 14,275 19.2 (19.0-19.6)

Notes. Abbreviations: FEFD —Far Eastern Federal District; NCFD —North Caucasian Federal District; UFD —Ural Federal
District; NWFD —Northwestern Federal District; SbFD—Siberian Federal District; SFD—Southern Federal District;
VFD —Volga Federal District; CFD—Central Federal District. * Statistically significant differences compared to the mean

(p <0.05). Sources:

http://www.demoscope.ru/weekly/knigi/ns_r01/pril_1.html;
http://www.statdata.ru/naselenie-federalnyh-okrugov-rossii;
https://en.wikipedia.org/wiki/List_of_federal_subjects_of_Russia_by_population (Accessed: 9 June 2021).

The size of the selected cohort of volunteers corresponds to the volume required to
reach the threshold of representativeness [34]. The largest number of regions was sur-
veyed in the Central, Southern, and Northwestern FDs. After grouping the regions by
FD, it was found that the average level of seroprevalence among the population, among
volunteers of all ages without age stratification, is 19.2% (95% CI: 18.9-19.5).

The highest levels of seropositivity were found in the Northwestern FD (31.9% (95%
CI: 30.9-32.9)) and the Far Eastern FD (28.7% (95% CI: 27.8-29.7)). The lowest were
found in the North Caucasus FD (9.8% (95% CI: 8.6-11.0)) and the Siberian FD (9.2%
(95% CI: 8.3-9.7)). In all cases, the differences were statistically significant (p < 0.05).

Comparison of the obtained results with literature data showed that seroprevalence
in Russia is 3.5-fold higher than the world average (3.38% (95% CI 3.05-3.72)); 5.7-fold
higher than in Western Europe (3.17% (95% CI 1.96—4.38)); and more than 4-fold higher
than in the U.S. (4.41% (95% CI: 3.03-5.79)) [9,35].

Thus, the developed methodology made it possible to obtain a representative idea
of the seroprevalence level of the Russian population in the early period of the
COVID-19 pandemic (June-August 2020). As we see, the largest proportion of seroposi-
tive persons was found in coastal regions of the Northwestern FD and the Far Eastern
FD, characterized by moderately humid, cool climates with a high level of industrializa-
tion. Further, the minimum share of seropositive volunteers was found the North Cau-
casus FD (represented in the project only by the Stavropol region, mainly of an agricul-
tural orientation) and the Siberian FD (with a sharply continental climate and a pre-
dominance of the mining industry).

Moreover, the FDs, due to Russia’s vastness, turned out to be rather heterogeneous
in climatic/geographical conditions, population density, and industrial specialization. In
this regard, the data presented in Table 1 provide only a general picture. A more de-
tailed understanding is enabled by analysis of seroprevalence in individual Russian re-
gions (administrative districts, municipalities).

2.5. Territorial and Climatic Features of Collective Immunity to SARS-CoV-2 in the Russian
Population

The territory of the Russian Federation is located in several climatic zones, from the
subtropics (Southern FD) to the circumpolar belt (territory beyond 60 degrees north lat-
itude of the Northwestern FD). As such, a significant impact of climatic and geographic
conditions on the formation of collective immunity in the population is inevitable. In
addition, population densities have a definite impact. The highest are in the Southern
FD, the Central FD, and a number of areas in the Northwestern FD. The lowest densities
are in the Siberian FD. Finally, the age factor is also of no small importance. It is quite
obvious that collective immunity formation dynamics among the population will be sig-
nificantly different.

The average seropositivity value among the Russian population was 17.8%; (IQR:
8.8-23.2). The range of variation across regions was 10.7-fold (Table S3). The highest lev-
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el of percent seropositive was found in the Kaliningrad region (50.2% (95% CI 48.4-52)),
and the lowest was in the Republic of Crimea (4.3% (95% CI 3.6-5.1)). These regions are
located in different geographical areas. The Kaliningrad region is located at 54°4223"
north latitude in a zone of moderately humid, cool climate. St. Petersburg and the Len-
ingrad Region are in the same climatic zone. The Republic of Crimea is located between
44°23" (Cape Sarych) and 46°15" (Perekop canal), in three climatic zones: steppe; moun-
tainous; and Mediterranean. As for other regions, due to the country’s vast area, there
are those with a monsoon climate (Primorsky region) and a sharply continental cold
climate (Irkutsk and Novosibirsk regions, the Middle Urals area). A zone in the Central
FD features a moderate, cool climate (Moscow and Moscow region, Vladimir region).
Finally, southern regions feature warm winters and hot summers (Rostov and Krasno-
dar regions).

Naturally, on such a large territory, one can only outline the climatic features of a
particular region. Significant differences in climatic and geographic characteristics could
have some effect on Ab generation in the local population. At first glance, such a rela-
tionship exists (Figure 1). In the Spearman correlation analysis, the value (r) was 0.33,
and the critical value of the coefficient was 0.33 at p < 0.1. Thus, a weak, direct correla-
tion was found between percent seropositivity and latitude. It, however, did not reach
the recognized confidence threshold (p = 0.05).

60

y =0.653x - 15.593;
r<0.33; p < 0.1; R?=0.1094

50

o
o

Seroprevalence, %
w
S

N
o
Q
Q

g

10 Q

(¢]

0 T T T T T 1
40.0 45.0 50.0 55.0 60.0 65.0 70.0

Latitude degrees, nors latitude

Figure 1. Correlation between geographical latitude of region and percent seroprevalence. The
equation, regressions, correlation coefficient (r), statistical significance level (p), and determination
coefficient (R?) are shown. Geographic latitude is given for the center of the region.

Another factor that can influence infectious disease spread and collective immunity
level is population density. Unfortunately, it was not possible to establish such a rela-
tionship between the population density of a particular category and the level of popu-
lation immunity. Spearman’s correlation coefficient was 0.14 without taking into account
the population density of Russia’s largest entities (Moscow city, St. Petersburg city, and
the Moscow region). Taking these regions into account, the correlation coefficient de-
creased to 0.12.

A possible reason may be the mosaic settlement of regions, characteristic of Russia.
This implies that, in the first six months of the pandemic, seroprevalence was formed
mainly due to random contact between individuals. The validity of this assumption was
tested by attempting to identify a relationship between seroprevalence and the incidence
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rate. To determine the presence of a relationship between these indicators, we compared
the percent seropositive individuals in each region and the incidence rate, which is the
average value of the daily incidence during the period of blood sampling for serological
research. Determination of the rank correlation value according to Spearman did not re-
veal a significant relationship between the compared indicators. The coefficient r value
was 0.22, and the critical value r was 0.33 at p > 0.1; the relationship is statistically insig-
nificant.

Among the factors that can significantly affect the collective immunity formation
rate, population age structure can have a significant impact. It is known that immune
processes occurring in childhood and old age differ significantly from each other. Chil-
dren most often carry the illness in an asymptomatic form or as a respiratory infection
(common cold) with nonspecific symptoms, such as fever, cough, myalgia, or fatigue
[36,37]. In most cases, the illness is milder than in adults and most often it resolves well.
A different situation occurs with older ill individuals or seniors (70+). In most cases, this
category of people suffers from one or more chronic, age-related diseases, such as dia-
betes mellitus, chronic heart and/or pulmonary failure, angina pectoralis, atherosclero-
sis, or other age-related diseases; these inevitably complicate the course of COVID-19
[38,39]. In this regard, it was logical to expect that volunteer age could have a certain in-
fluence on the formation of population immunity. The general distribution of the pro-
portion of seropositive volunteers, of all ages in 26 model Russian regions, is presented
in Table S2.

Analysis of volunteer distribution by age showed a wide spread in the percent se-
ropositive from region to region. In 23 out of 26 regions, the highest levels were ob-
served in ‘children aged 1-17 years’. Only in three (Republic of Crimea, Tula and Chel-
yabinsk regions) was the proportion of seropositive persons among volunteers less than
in other age groups (Figure 2).

Kaliningrad region Aem
Republic of Crimea 70 Amur region
Irkutsk region Astrakhan region
.60
Krasnodar Territory Republic of Tatarstan
50
Tularegion 40 Murmansk region
' . 30 )
Nizhny Novgorod Region Moscow city
20
Belgorod region 0 St. Petersburg city

Novosibirsk region Rostov region

Krasnoyarsk territory Moscow region
Stavropol Territory I Tyumen region
Sverdlovsk region Leningrad region
Saratov region Primorsky territory
Vladimir region Khabarovsk territory

Chelyabinsk region

Figure 2. Distribution of seropositive volunteer proportions in the child cohort (blue curve) and
adult cohort (red curve). The vertical axis is the percent seroprevalence (SARS-CoV-2).

Increased resistance to SARS-CoV-2 is considered a characteristic feature of chil-
dren aged 1 to 17 years [9,22,40] There are several explanations for this phenomenon.
First, the existence of cross-immunity to other -coronaviruses, weakly pathogenic for
humans, has been shown, in particular to HCoV-OC43 and HCoV-HKU1 [41,42]. In ad-
dition, children show lower expression of the ACE-2 gene than adults. The early age pe-
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riod is characterized by the smallest expression, below 2.0 logz. From 10 to 25 years, gene
expression increased from 2.40 log: to 3.09 log: (p < 0.001). Of these two explanations,
preferable is that of Ng et al. [40], who showed that: widespread, mildly-symptomatic
cold-like illnesses, caused by a list of weakly pathogenic viruses, can induce the for-
mation of antibodies to the SARS-CoV-2 52 Ag in a child’s body, even in the absence of
SARS-CoV-2 contact. Once in children, these Abs can be retained in adults, albeit at a
lower concentration.

In addition, pediatric SARS-CoV-2 infection often proceeds in a latent, asympto-
matic form, in which the infectious process remains unrecognized, and the fact of the
transferred infection can only be judged by the presence of circulating Abs to
SARS-CoV-2 [43]. As shown by Hippich et al. [44], the real incidence of SARS-CoV-2 in-
fection is six-fold higher than the number of reported cases in children. Moreover, the
general dynamics of antibody formation follows the general pattern of infectious process
development in the population as a whole. This conclusion is prompted by the sero-
prevalence distribution curves in Russian children and adults (Figure 2) and is con-
firmed by the correlation between the levels of seroprevalence in children and adults
(Figure 3).

60

y=0.6453x+2.0661;
r=0.935; p<0.001; R?=0.8741
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Figure 3. Correlation relationship between seroprevalence in children and adults. The regression
equation, Spearman correlation coefficient (r), reliability of statistical relationship (p), and the coef-
ficient of determination R? are shown.

The analysis results showed a practically functional correlation between the com-
pared values of seroprevalence in children and adults (Figure 3). With regard to the de-
pendence of the seropositivity level among children and adults from 18 to 70 years and
more, divided into six age categories, among a number of age groups in some regions, a
statistically significant increase or decrease in percent seropositivity was observed in
comparison with the final data (Table S3). These differences are almost completely lev-
eled out when calculating the median and IQR for each age group within the entire set
of regional cohorts (Figure 4). As seen in Figure 4, 75% of the “proportion of seropositive
volunteer’ values, in all age groups, are located within the IQR. Accordingly, 12% of the
seropositivity points (from the entire data above) are located above and below the IQR.
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Figure 4. Distribution of volunteer seroprevalence by region and age. Solid curves correspond to: Me (median); Q25
(bottom); and Q75 (top). Dots indicate volunteer seropositivity values in 26 model regions (legend), distributed over 7 age

groups.

The results above give reason to believe that, during formation of volunteer cohorts
for follow-up, the proportions of seropositive individuals were relatively evenly distrib-
uted, both by age and model region. Taking into account that similar trends were re-
vealed when grouping the results by Russian FDs (Table 1), it can be reasonably as-
sumed that the revealed seroprevalence (SARS-CoV-2 Nc) is typical for the Russian
population as a whole. Its main features can be considered an increase in the level of se-
ropositivity in ‘children aged 1-17 years’ (Figure 2) and a weak dependence of seroprev-
alence on the latitude of the northern hemisphere (Figure 1).

2.6. Three-Phase Monitoring of SARS-CoV-2 Seropositivity

During initial examination of volunteers, data were obtained shown a moderate
distribution of the proportion of seropositive individuals across Russia (Table S3). The
average seropositivity was 19.2% (95% CI: 19.0-19.6). Moreover, the differences between
FDs turned out to be statistically significant and consisted of distributions between indi-
vidual Russian regions. In this regard, a dynamic observation was carried out on the
(proportional) formation of seropositive volunteers, in all model regions, from Septem-
ber to December 2020, during the period in which the second wave of COVID-19 inci-
dence was observed (https://coronavirus-monitor.ru/ Accessed 10 June 2021).

In the first phase of monitoring, cohorts were formed from the selected groups of
volunteers, which were subsequently observed in the second and third phases of sero-



Viruses 2021, 13, 1648

11 of 24

logical study (Table S2). For various reasons in each phase, the number of volunteers
involved in monitoring varied.

Seropositivity formed at the beginning of the study (phase 1) amounted to 18.6%,
(IQR: 10.7-23.0). In phases 2 and 3, it increased to 27.4% (IQR: 17.4-38.0) and 39.8% (IQR:
31.0-43.8), respectively (Figure 5). The differences between the first and third phase re-
sults are statistically significant (p < 0.05). Depending on the type of response, the pro-
portion of seropositive individuals could vary significantly. In group A, which includes
16 regions, seropositivity unidirectionally increased from 14.8% (IQR: 10.0-20.2) in phase
1 to 41.7% (IQR: 37.6-60.5) in phase 3, (p < 0.05). In group B, which contained seven re-
gions, the changes were different. In the 1st phase, the proportion seropositive was
34.8% (IQR: 19.6-43.4). In the second, it decreased to 24.3% (IQR: 13.9-25.4), and by the
third phase, it had increased to 36.2% (IQR: 27.4-37.4). Group C includes only three re-
gions. In the first phase, the proportion seropositive was 20.2% (IQR: 13.5-21.8). By the
second phase, it had increased to 44.6% (IQR: 43.5-47.3) (p < 0.05). In the third phase, it
again dropped to 34.3% (IQR: 28.8-39).
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Figure 5. Three curve types for the formation of population immunity to SARS-CoV-2 in different Russian regions. (A).
The most common dynamics of formation of specific SARS-CoV-2 immunity. In the process of population contact with
coronavirus, the proportion of seropositive individuals in the population increases, reaching a maximum by the 3rd
phase. (B). Less frequent curve showing a slower process of seropositivity formation. By the 2nd phase, the percent of the
Nc Ab seropositivity volunteers decreased. The maximum Ab level is formed only by the 3rd phase. (C). The rarest par-
adoxical reaction in which percent seropositive increases between phases 1 and 2, and then decreases markedly. Immun-
ity formation dynamics in the surveyed regions are shown by thin colored lines. The median is represented by a thicker
red curve. The boundaries of the interquartile range Q25—Q75 are plotted as bold, dashed lines.

In some areas, the proportion of seropositive individuals came close to the mini-
mum proportion of seropositivity at which intrapopulation transmission of infection
ceases. According to the literature, it is: 68.6% (IQR: 45.4-72.9) [45]. The closest to the
given threshold came (regions): Chelyabinsk region (75.6% (95% CI 73.3-77.9)); Belgorod
region (70.3% (95% CI 68.7-72.5)); Amur region (66.3% (95% CI 64.3-68.3)); Astrakhan
region (64.0% (95% CI 61.3-66.6)); and the Stavropol region (62.9% (95 % CI 59.0-65.9)).
It is worth noting that studies in the third phase were carried out in the second half of
December 2020; already in the first two weeks of January 2021, in most of the surveyed
regions, there was a steady trend towards a decrease in incidence, which continued until
the end of May 2021 (https://coronavirus-monitor.ru/ Accessed 10 June 2021) It is likely
that the collective immunity of the population formed by the end of 2020 had a positive
effect on incidence trend changes, although the average seropositivity rate in Russia as a
whole did not reach the required level by the end of 2020; it amounted to only 39.8%
(IQR: 31.1-43.8). This is largely due to heterogeneity in the seropositivity accumulation
process. In addition to the regions already listed above with a high seroprevalence
threshold value, regions were noted wherein the number of carriers of antibodies re-
mained quite low. Specifically, these included: the Krasnodar region (21.2% (95% CI
17.1-23.1)); the Sverdlovsk region (22.6% (95% CI 19.3-24.5)); and the Irkutsk region
(25.5% (95% CI 22.7-27.9)). In a number of regions, however, the initial seroprevalence
level in the first phase did not exceed 5%-7%, yet in the process of epidemiological ob-
servation of the surveyed volunteers, the level of immunity rose by three- to four-fold.

Summarizing the results of three-phase monitoring, we note that, in the process of
epidemiological observation, a significant increase in collective immunity was shown in
all surveyed regions. In some areas, it reached or was close to the minimum protective
threshold [7,9,45]. In other cases, it was quite low, although in some cases it significantly
increased (relative to the initial level noted in the first phase). There was not a single case
of a decrease in SARS-CoV-2 seropositivity in the dynamics of sero-monitoring (Figure
5).

Unfortunately, the trend towards a decrease in COVID-19 incidence was observed
only at the beginning of June 2021 (https://coronavirus-monitor.ru/ Accessed 10 June
2021) In the first week of June, the trend reversed and was replaced by a daily increase
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in incidence, which began at a higher level than before the second peak (observed in
September-December 2020). It should be noted that, in May 2021, widespread vaccina-
tion began. In this regard, it is rather odd to record another rise in incidence, very remi-
niscent of a beginning of a third COVID-19 wave. An obvious dissonance in these condi-
tions was made by S. S. Sobyanin on 06/18/2021, as given to Lenta.ru, on a decrease in
the level of population immunity in Moscow from 60% to 25%
(https://lenta.ru/news/2021/06/18/sobanin/ Accessed 18 June 2021). If these data are cor-
rect, then science faces many questions regarding the duration and effectiveness of
SARS-CoV-2 immunity.

2.7. Seroprevalence among COVID-19 Convalescents and Contacts

Among people who are SARS-CoV-2 seropositive, persons who have undergone a
clinical form of COVID-19 and persons who have had contact with patients can play
certain roles in the epidemic process. Among the latter, one can most often find em-
ployees of medical institutions [46]. Finally, a special place in the transmission and im-
mune processes is played by asymptomatic seropositive individuals, both with and
without positive results from viral RNA testing by polymerase chain reaction (PCR?).
That (last) population category causes a particularly active discussion [47,48]. There are
different views on the relationships between indicators of the infectious process (Figure
6).

The diagram in Figure 6 shows a certain logic in virus/host interaction processes,
and also clearly demonstrates the complexity of the connections, which do not always fit
into the Procrustean bed of correlation analysis. It would seem that there is an obvious
functional relationship between the number of cases and the proportion of seropositive
cases. However, morbidity is recorded at the time of a patient’s visit to a medical or
prophylactic institution, while the formation of seroprevalence occurs in a later period
[49,50]. Thus, it can be assumed that the dynamics of these processes will be different. It
is also important to determine the relationship between the proportion of seropositivity
in PCR* individuals and the incidence rate. As a rule, it is impossible to assess the rela-
tionship between PCR-positivity, the presence of anti-Nc (SARS-CoV-2) antibodies, and
COVID-19 diagnosis. These processes develop independently of each other, and it is
probably inappropriate to look for some kind of correlation between them.
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Figure 6. Spearman correlations between COVID-19 patient states. The diagram contains five main
patient conditions, which describe basic features of the interaction between the coronavirus and a
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susceptible host. Key: seroprevalence —the proportion of seropositive individuals in the population
according to ELISA data; patients—infected with SARS-CoV-2 based on PCR results and, as a rule,
having clinical manifestations of COVID-19; convalescents—patients who have recovered from
COVID-19, based on PCR results; contact—persons who have had verified contact with a
COVID-19 patient; PCR*—persons with a positive PCR test result without any other clinical mani-
festations. Colored lines mark reliable correlations between the indicators. Weak correlations are
marked with gray lines; black lines indicate an absence of correlation. Reliability of relationship
values (p) are shown on the arrows.

The links between seropositivity in general, and separately in convalescents and
people who have been in contact with coronavirus patients, are clearer. A direct correla-
tion was established between seropositivity in the cohort as a whole and the proportion
of seropositive convalescents (Figure 7).
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Figure 7. Correlation between seropositivity in the cohort as a whole and the proportion of sero-
positive among convalescents. The equation, regression, Spearman correlation coefficient (r), the
reliability of relationship (p), and the coefficient of determination are given.

It is clear that, in the general cohort, the proportion of seropositive individuals with
verified contacts with COVID-19 patients is one of the components of the overall level of
collective immunity. It seems more significant to study the relationship between the
number of COVID-19 patients and those who have had verified contact with them at
work or at home. There is ample evidence that the virus is highly contagious. According
to various sources, one patient, or even one who has been ill (yet in the early period after
clinical recovery), can be a carrier of the virus; such people are capable of infecting from
one to ten or more healthy individuals, depending on the intensity of contacts and the
availability of personal protective equipment [7,48]. Obviously, the number of contact
persons in these conditions can be associated with specific connections and serves as a
factor in the spread of infection. Indeed, the number of contact persons is directly corre-
lated with the number of convalescents (Figure 8).
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Figure 8. Correlation between the number of convalescents and COVID-19 contacts. The equation,
regression, correlation coefficient value (r), reliability relation (p), and the coefficient of determina-
tion (R?) are shown.

The revealed relationship confirms that there is a stable correlation between the
compared indicators, with a reliability of p <0.01. The ratio between the compared indi-
cators, which can be considered the baseline Ro value without adjustment for seroposi-
tivity, was from 1.4 to 6.9 [51]. This indicator is approximate, since it does not take into
account the effectiveness of the contact, accompanied by an immune response in the
form of antibody production against SARS-CoV-2. After adjusting for seroprevalence, Ro
was 2.0.

The third factor influencing the course of the epidemic process may be the ratio
between contact and seropositive persons. A special feature of COVID-19 is the difficul-
ty in contact tracing. A contact is not necessarily accompanied by a clinical or even sero-
logical response. On the other hand, a pre-symptomatic or asymptomatic contact subject
may be an active spreader of the virus in a susceptible population [52]. Within the
framework of this study, the presence of a relationship between the proportion of sero-
positive persons among contact persons and the cohort as a whole was assessed. Initial-
ly, we calculated the correlation coefficient between the absolute number of seropositive
and contact persons in each region (Figure 9).
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Figure 9. Correlation between the number of seropositive and COVID-19 contacts. The equation,
regression, correlation coefficient value (r), the reliability of the relationship (p), and the coefficient
of determination (R?) are shown.

The results show that the number of seropositive and contact persons are connected
with each other by a practically functional relationship with a degree of reliability ex-
ceeding p = 0.0001. This, in our opinion, convincingly indicates that persons who have
had verified contact with COVID-19 patients are actively involved in the formation of
population immunity, although contact between a healthy person and a COVID-19 pa-
tient is not always accompanied by the manifestation of an infection caused by contact
transmission from the patient to the healthy individual.

2.8. Asymptomatic SARS-CoV-2 Infection

A characteristic feature of coronaviral infection is a large number of asymptomatic
individuals [53,54]. It is known that those with asymptomatic forms of infection not only
do not significantly help in the formation of herd immunity, but often actually pose a
risk (by participating in pathogen transmission and spread) [55]. As part of the program
for assessing population immunity to SARS-CoV-2, seropositive volunteers who did not
have any symptoms of an overt illness were classified as asymptomatic individuals.
Among 14,158 seropositive for Nc SARS-CoV-2 Ab volunteers, 13,026 (19.2%) such par-
ticipants were identified with asymptomatic forms of COVID-19. The distribution of
such individuals by regional and age characteristics turned out to be quite homogeneous
(Table S4). The weighted average across the entire cohort was 93.6% (IQR: 87.1-94.9). In
12.1% of groups, the number of asymptomatic people reached 100%. Most often, a com-
pletely asymptomatic course was observed among people in the 70+ group (30.7%), and
less often in the 60-69 age group (3.8%).

Thus, the near absolute frequency of seropositive, asymptomatic individuals is
17.7% of the total number of volunteers. Is this high or low? From the herd immunity
standpoint, it is small, if we consider an optimal threshold of 60%—-65% seroprevalence
[7]. Concerns about their possible role in viral transmission, or maintenance of the epi-
demic process, are numerous. Even if we take into account a not very high Ro value (2.0
in our studies), 13,036 asymptomatic individuals can still become a source of infection
for up to 35,000 new cases (without taking into account a multiplier effect). In this re-
gard, it is appropriate to recall the data of Khoshchehreh et al. [56], who showed that
Nc-positive individuals are often seropositive, but not necessarily protected from
SARS-CoV-2 infection [57]. At a minimum, these data once again convincingly indicate
the most important task of managing the COVID-19 pandemic: the fastest possible for-
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mation of herd immunity which, given the conditions present in Russia, should be at
least 60%—65%. There is only one way to reach this level: by total vaccination of the pop-
ulation.

3. Discussion

Serological studies occupy an important place among the means and methods of
controlling the novel coronavirus disease, COVID-19. They have not stopped being in-
formative or relevant, despite the introduction of new means and methods for control-
ling emerging outbreaks, epidemics, or even pandemics of infectious diseases [9,58,59].
Sero-monitoring is the most convenient tool for enabling objective assessment of the di-
rection and dynamics of the epidemic process, more effective and timely decisions
aimed at controlling the infectious process, and the formation of population immunity
[6,45]. Currently, a large number of works, of varying quality, have been published on
the problem of population immunity to SARS-CoV-2, as summarized in a number of
overview articles and meta-reviews [9,47,60]. Published works on population seroprev-
alence in a number of countries or regions have been provided: China [61]; Israel [10];
the Near and Middle East [9,62,63]; most countries of Europe [60]; North and Latin
America [64,65]; Australia [66]; and Russia [17,22].

According to generalized statistics, seroprevalence among men was 5.33% (95% CI
4.35-6.31), with 5.05% (95% CI 4.06-6.04) among women. A significantly higher sero-
prevalence was noted in Qatar, with 66.8% (95% CI 65.4-68.1) among men, and 18.5%
(95% 13.9-23.9) among women (249 people were examined) [61]. A high seroprevalence
was noted in Pakistan. In the country as a whole, it was 42.4% (41.5-43.14). Among men,
it was 42.8% (41.9-43.7); among women, it was 40.5% (38.7-42.2) [67]. These selective
data confirm the position of Chen [47] about a significant range of SARS-CoV-2 sero-
prevalence in different regions of the world.

Unfortunately, works from Russian authors have not yet found full reflection in the
English-language literature [47]. Considering that Russia occupies one-eighth of the
world’s land mass, this lack of information in the global literature reduces global data
accuracy. Perhaps the publication of this English version of the work will help to fill in
information gaps to some extent. Further, it is worth mentioning that a large group of
authors have already published 16 articles in Russian publications under the auspices of
the head of Rospotrebnadzor, Professor A. Y. Popova [17-19,22-33].

In Russia, the average seroprevalence for all FDs was 19.2% (95% CI 19.0-19.6), var-
ying from 9.8% (95% CI 8.6-11.0) in the Siberian FD up to 31.9% (95% CI 30.9-32.9) (Ta-
ble 1). No differences were found by gender: seroprevalence among men was 16.95%
(IQR: 9.4-21.9); among women, it was 18.4% (IQR: 9.7-25.1). In general, the seropreva-
lence in Russia is 3.5-fold higher than the world average [9], yet more than two-fold
lower than in Qatar and Pakistan [62,67]. The question arises: What is the reason for
these differences? One of the reasons may be the type of Ag used in serological studies.
The receptor binding domain (RBD) or Nc Ags are the most commonly used for this
purpose. In addition, the question of Ag choice for sero-diagnostics is not trivial. In re-
sponse to RBD, the body generates neutralizing antibodies, while the neutralizing activ-
ity generated in response to the Nc Ag is lower [57]. Ab to Nc are more indicative of in-
fection, but not of neutralizing activity.

As already noted, a feature of seroprevalence in Russia is a significant dispersion of
data (Table S3). Among the regions where seroconversion approached the 50% mark
were Kaliningrad region (50.2% (95% CI 48.4-52.0)) and Amur region (45.4% (95% CI
43.6-47.2)). Regions with minimal seroprevalence were also identified, such as the Re-
public of Crimea (4.3% (96% CI 3.6-5.1)) and Irkutsk region (5.8% (95% CI 4.9-6.7)). In
trying to find the reasons for such a significant difference, we drew attention to the cli-
mate and geographic factors. All of the surveyed regions are located practically in four
main climatic zones: northern subtropics (Republic of Crimea, Krasnodar region); mid-
dle zone (Moscow city and the Moscow, Belgorod, Vladimir regions); coastal territories
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(Primorsky, Amur, Kaliningrad, and Leningrad regions, St. Petersburg city); and north-
ern regions with a sharply continental climate (Irkutsk, Novosibirsk, Krasnoyarsk and
Murmansk regions, located in the zone of the Far North).

In latitudinal terms, the regions are located in the territory from 45.02742 to
68.95852 degrees northern latitude. Such a large latitudinal extent also explains climatic
differences. Hence, the average annual temperature in the southern part of Crimea is
+3.9 °C, and the average annual temperature in the north of the Murmansk region is 0.1-
2.3 °C, while the average annual temperature in the north of the Krasnoyarsk region is
even lower than 0.1 °C. In this regard, we tried to assess the influence of clima-
to-geographic factors on the level of collective immunity to SARS-CoV-2. The analysis
revealed a weak correlation with a level of reliability of r = 0.33 (p > 0.1), described by a
linear regression equation (y = 0.653x — 15.953); the coefficient of determination (R?) was
0.1 (Figure 1). The relationship is undoubtedly weak and is one of many factors, among
which subject age may play a more significant role.

In the process of stratification of volunteers by age, the largest proportion of sero-
positive cases was revealed in persons aged 1-17 years (21.6% (IQR: 13.1-31.7)). This re-
sult is consistent with other data [9]. These results are quite consistent with accepted
opinion about a greater resistance of children to COVID-19, often with mild or asymp-
tomatic forms [68]. There was no evidence of increased seroprevalence among children
in Israel [69]. However, the high level of collective immunity achieved in that country, as
a result of active vaccination, probably erased any existing differences.

As for the seroprevalence in volunteers in other age groups, no statistically signifi-
cant differences were found between them (Table S3). More than 75% of all seropreva-
lence values in the studied cohort are within the IQR (Figure 4).

One piece of the project’s design was a longitudinal, three-phase study of
SARS-CoV-2 seroprevalence in volunteers during natural development of the COVID-19
epidemic. In 2020, three study phases were carried out: a first phase (June-July); a sec-
ond phase (September to October); and a third phase (December). According to inci-
dence data the first two phases occurred at the end of the epidemic’s first wave during a
period of relative calm, and the third phase was carried out at the peak of the second
wave’s morbidity. The dynamics of seroprevalence changed accordingly (Figure 5).
Hence, the weighted average seroprevalence values were: first phase with 18.6% (IQR:
10.7-23.0); second phase with 27% (IQR: 17.3-38.0); and third phase with 39.7% (IQR:
31.0-43.8). The data differences between the first and third phases are statistically signif-
icant (p < 0.05). The results are represented graphically in Figure 10.
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Figure 10. Color intensity representation of SARS-CoV-2 seroprevalence, Russian population, 2020. Phase
1—Seroprevalence levels in the first phase of monitoring (June-August). Phase 3—levels in the third phase (December).
Color intensity reflects the percent seropositive: the more intense the color, the higher the level of population immunity.
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Thus, the third, highest level of population immunity was formed by the end of the
second wave of COVID-19 (https://coronavirus-monitor.info/country/russia/ Accessed
10 June 2021) Note that, at the 2020-2021 transition, there was a trend reversal from up-
ward to downward, which could be interpreted as the completion of the second
COVID-19 wave. The downtrend persisted almost until the end of May 2021, after which
another trend change and a new exacerbation of infection were noted in early June
(2021). This validates the existing idea of an undulating course with respiratory infection
epidemics, including COVID-19.

In the process of sero-epidemiological examination of the population, three main
groups were distinguished: convalescent; contact; and PCR-positive. Regarding the last
group, these are the strangest, i.e., patients who do not have other illness symptoms, but
can be carriers and distributors of the virus within the context of an asymptomatic
COVID-19 course.

As for convalescents, the proportion seropositive among them significantly ex-
ceeded the average for the region (57.3% (IQR: 38.6-72.3)). The role of convalescents is
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not limited to a contribution to collective immunity, as evidenced by a high correlation
between the general seropositivity in the cohort, and specifically among convalescents
(Figure 7). A similar relationship was seen between the number of convalescents and
persons who had verified contact with a sick or recovering COVID-19 patient. The
arithmetic ratio of these two categories of surveyed volunteers was 6.0 (4.3-8.5), which
indicates that one COVID-19 patient or convalescent, in theory, can infect at least six
healthy, seronegative people [7,70]. Some of these individuals will develop a manifest
form of disease; others will join the group ‘PCR+ subjects’ and their further fate is un-
known. A third category will replenish the seropositive share of surveyed volunteers, as
evidenced by a high correlation between the number of seropositive and contact persons
(Figure 9); some of them, of course, will be in the group ‘asymptomatic seropositive
volunteers’, whose number in the cohort reached 93.6% (IQR: 87.1-94.9). The size of this
group, the least understood in terms of outcome, may, according to some sources, vary
from 6% to 96%.

4. Conclusions

Here for the first time, a longitudinal three-phase study of collective immunity to
SARS-CoV-2 in the Russian population was carried out. The study was conducted from
June to 31 December 2020. It was found that the total proportion of persons with Ab to
SARS-CoV-2 N, in the initial phase of the study, varied within the range 18.6% (IQR:
10.7-23.0). By the end of the third phase of monitoring, seroprevalence had increased to
39.7% (IQR: 31.0-43.8). The results obtained allowed us to identify a significant correla-
tion between the number of convalescents and contact persons; this may indicate a sig-
nificant role of convalescents in the spread of SARS-CoV-2. These sero-monitoring re-
sults may serve as a prerequisite for further research aimed at controlling the COVID-19
pandemic.
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