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Abstract. Purpose of the study: to study the dynamics of developing herd immunity against SARS-CoV-2 in the popula-
tion of the Republic of Kyrgyzstan during COVID-19. Materials and methods. The work was carried out using the meth-
odology for assessing population immunity developed by Rospotrebnadzor (Russia) as well as the Ministry of Health
(Kypgyzstan) and the St. Petersburg Pasteur Institute. The selection of participants was carried out by questionnaire using
a cloud (Internet server) service. To monitor population immunity, a cohort of 2421 subjects was formed, who partici-
pated in all stages of seromonitoring. Volunteers were randomized according to age groups (1—17, 18—29, 30—39, 40—49,
50-59, 60—69, 70+ years), regional and professional factors. Antibodies (Abs) against SARS-CoV-2 nucleocapsid (Nc)
and the receptor binding domain (RBD) of S-glycoprotein were determined by qualitative and quantitative methods.
The study was carried out in 3 stages according to a single scheme: 1st stage — 06/28—07/03/2021, 2nd — 21-25/02/2022
and 3rd — 31/10—04/11/2022. Since 2021, Kyrgyzstan has been vaccinating the population against SARS-CoV-2 mainly
using inactivated whole-virion vaccines. Results. Population immunity against SARS-CoV-2 was predominantly account-
ed for by both Ab types (Nc'RBD*). By the 3rd stage, the percentage of such persons reached 99.2%, Nc"RBD~ volun-
teers — up to 0.8%. At the 1st stage, middle-aged people dominated, but age differences were leveled out by the 2nd
stage. The greatest impact on seroprevalence was found among medical workers, the smallest — among businessmen
and industrial workers. Populational vaccination significantly impacted on the state of herd immunity that reached 25%
by the 3rd stage. The refusals of the population in Kyrgyz Republic from vaccination noted at the 2nd and especially 3rd
stages did not significantly affect level of herd immunity, which could probably be associated with asymptomatic cases
of COVID-19, against which primary vaccination had a booster effect. Conclusion. The dynamics of population humoral
immunity against SARS-CoV-2 included a number of changes in the level of circulating antibodies (Nc, RBD), caused
by both primary infection and vaccination. The herd immunity formed in population of Kyrgyzstan allowed to reduce
the incidence of COVID-19 to almost sporadic level.
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I HIIO «[lpogpunaxmuueckasn meduyuna» Munucmepcmea 30pasooxpanenus u coyuarsHo2o paseumus, buwker, Koipevizckas
Pecnybauxa

* Munucmepcmeo 30pasooxpanenus u couuarvhoo pazeumus, buwkex, Koipevisckas Pecnybauxa

> Hayuonanwublii yenmp ummynonpogurakmuku Munucmepcmea 30pasooxpanenus u coyuanbHoeo paseumus, buukex,
Kwoipevizckasa Pecnybauka

Pestome. Llenb uccnenoBaHus: U3y4ynuTh IUHAMUKY HOPMUPOBAHUS MOMYISIIMOHHOTO UMMyHUTETa K SARS-CoV-2
y HaceneHus Pecnyonviku Keipreisctan Ha pore COVID-19. Mamepuans: u memoos:. Pabota mpoBeaeHa Mo MeTo-
JIMKe OLIEHKM MOMYJISIMOHHOIO UMMYHHUTeTa, pa3pabotaHHoit PocnorpedHanzopom (Poccust) 1 MuHuUCTEpCTBOM
3apaBooxpaHeHus (Kuipreizcran) u Cankt-IlerepOyprckum uHctutytoM um Ilactepa. [Togbop yyacTHUKOB OCy-
LIECTBIISIIICS aHKETHBIM OTMIPOCOM C MCIOJb30BaHUeM objauHoro (MHTepHeT-cepBepa) cepBuca. Jlyisi MOHUTOPUHTA
MOMYISIIMOHHOTO UMMYHHUTeTa chopMUpoBaHa Koropra u3 2421 yeaoBeK, yuacTBOBaBIlIasg BO BCEX dTalax CEpoOMO-
HUTOpHHTA. JI0OOPOBOJIBIIEI OBLIM PAaHIOMU3MPOBAHLI MO BO3pacTHBIM rpymnmam (1—17, 18—29, 30—39, 40—49, 50—59,
60—69, 70+ net), pernoHaJIbHBIM U MpodecCuoHaNbHbIM (pakTopaM. AHTUTENA (Abs) K HykJieokancuay (Nc) u pe-
LIeNITOp-CcBsI3bIBaromemMy foMeHy (RBD) S-rmukonporenHa ompenensiin KauyeCTBEHHBIM U KOJTMYECTBEHHBIM METOIa-
mu, MccaenoBanne mpoBoanIoch B 3 atara rmo eqnHoii cxeme: I aram — 28.06—03.07.2021 r., I1 aram — 21-25.02.2022 1.
u [T aram — 31.10—04.11.2022 r. C 2021 1. B KbIp3bI3cTaHe MpOBOAMIIYN BaKIIMHAIIMIO HaceseHust TpoTuB SARS-CoV-2
MMPENMYIIECTBEHHO MHAKTUBUPOBAHHBIMHY IeIbBHOBUPUOHHBIMU BaKIIMHAMHU. Pe3zyasmamer. TIOMyTSIIIMOHHBINA MM~
MyHuTeT HaceJdeHus K SARS-CoV-CoV-2 mpenMyiecTBeHHO 01T 00ycioBieH obonmu Abs (Nc*'RBD*). K 111 atamy
ot Takux nuil gocturia 99,2%, monst NcRBD~ BonmorTepos no 0,8%. Ha I aTane moMuHUpOBaIuM JINLA CPEIHETO
BO3pacTa, OMHAKO BO3pACcTHBIE pa3inumsi HUBeJupoBanuch Ko II atamy. Haubonbinee BIMsiHME Ha CepONpeBaICHT-
HOCTb BBISIBJIEHO Cpeard MEAULMHCKHUX paOOTHUKOB, HAUMEHbIIee — Cpeau OM3HECMEHOB M MPOMBILIJICHHBIX pa-
0ounx. 3HaYMMOE BJAMSHUE HA COCTOSTHUE MOMYJISIIMOHHOIO KNMMYHUTETa oKa3aja BaKIMHALMS HaCceJeHUsI, OXBAT
kortopoii Kk I1I aTany moctur 25%. OtmeuerHbie Ha 11 u ocobenHo 111 aTame oTka3bl HaceeHUs OT BaKIIMHALIUHU CY-
IIECTBEHHO HE TIOBIMSIM Ha YPOBEHb MOMYISIIMOHHOTO MMMYHMTETA, YTO, BEPOSITHO, MOIJIO OBITH CBSI3aHO C Oec-
cumntToMHbBIME cydassmu COVID-19, Ha ¢oHe KoTopoit ITepBUYHAS BaKIIMHALIMS OKa3biBaia OYCTepHBIM 3D DEKT.
3akarwuerue. [JMHAMKKA ITOMYISIIIMOHHOTO TyMOpanabHOro uMMYHHUTeTa K SARS-CoV-2 BKito4asa B ce0sl psiI M3Me-
HeHHI ypoBHe# nupkynupyiomux antuTel (Nc, RBD), 00ycioBiIeHHBIX KaK ITepBUYHON MH(EKINEH, TaK U BaKIIH-
Hanueit. CpopMHUpOBaHHBIN MOMYISIIMOHHBIN UMMYHUTET HaceleHUs KpIprei3craHa mo3BonI CHU3UTD 3a00J1eBa-
€MOCTb MTPAKTUYECKH J0 CIIOPaJINIECKOTO YPOBHSI.

Karuesnie caosa: Kvipevizckas Pecnybauka, nacenenue, SARS-CoV-2, COVID-19, cepomonumopune, KoareKmMUBHbLI UMMYHUMeE,
anmumena, HyKAeoKancuo, peyenmop-cea3vl8aiouil 00MeH, 6aKUUHAYUS, UOPUOHbLH UMMYHUMEM.

Introduction

Following its first identification in December 2019,
coronavirus disease (COVID-19), caused by a new
and highly-virulent strain of B-coronavirus (SARS-
CoV-2), turned out to be extremely contagious. It spread
almost instantly throughout the world, causing more
than 686 million cases of manifest infection by April
2023, including 6.8 million fatalities. In this context,
the epidemic situation in the Kyrgyz Republic (KR)
looks quite optimistic. As of mid-April 2023, 206 849
cases of COVID-19 were identified in the country,
amounting to 0.03% of the global level [10]. According
to this indicator, the KR occupies 115th place among
189 global countries [9]. As noted in our previous ar-
ticle [26], one factor could be the relatively low popu-
lation density, amounting to 35.2 km? in 2023 [28].
Regarding density, Kyrgyzstan is in 181st place in the

global ranking of countries prepared by the United
Nations [18]. The highest densities were noted in the
Osh and Chui regions (38.7 and 49 km?, respectively);
the lowest was in the Naryn region (5.5 km?) [23].

A second factor affecting COVID-19 incidence
could be the climatic and geographical conditions
of the country. The Republic is landlocked and sur-
rounded on all sides by territories with mountainous
or desert landscapes. Mountainous areas occupy up
to 94% of the territory, and 41% of them belong to the
harsh highlands located above 3000 m [2, 8]. The cli-
mate in these conditions is characterized by a sharply
continental character with significant annual tem-
perature fluctuations and low precipitation. In winter,
the temperature can vary from +2°C in the valleys
(Fergana, Chui valley, Issyk-Kul depression) to —50°C
in the highlands of the Inner Tien Shan. The average
temperature in summer varies from +27°C (Fergana
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Valley) to +4°C in mountainous areas. Annual pre-
cipitation is about 1000 mm in the Fergana Valley
and 180—250 mm in the mountains of the Central and
Inner Tien Shan [8]. The described conditions, com-
bined with low population density, do not contribute
to the active spread of infectious diseases [1].

The third factor could be the tactics used in the
fight against COVID-19 in the KR. Immediately after
the first cases appeared, unprecedented measures were
introduced in the Republic to curb the spread of the vi-
rus. Thus, already on March 22, 2020, checkpoints were
installed throughout the KR, public catering facilities
were temporarily closed, and all public events were pro-
hibited. The wearing of masks and maintaining social
distancing was encouraged [12]. Since the situation did
not improve, on May 25th (2020) a state of emergency
was declared in the three largest cities (Bishkek, Osh,
Jalal-Abad), a curfew was introduced, educational in-
stitutions were closed, and citizens were prohibited from
leaving home unless absolutely necessary (i.e., for pur-
chasing food or medicine). These and other activities,
consistently carried out by the authorities throughout
2020—2021, helped prevent the uncontrolled spread
of SARS-CoV-2 among the population [1, 12].

The result of these measures was a gradual decrease
in morbidity (Fig. 1). COVID-19 incidence peaked
briefly in weeks 29—30 of 2020, followed by a sharp de-
cline over the next three weeks to near sporadic levels.

In the subsequent period, three more incidence
peaks were noted in 2021—-2022. They were short-
term in nature and, starting from week 35 of 2022,

the number of patients with COVID-19 decreased
to a stable, sporadic level.

When analyzing COVID-19 incidence dynamics
in the Kyrgyz population, one cannot help but notice
a clear connection between the number of cases and
the share vaccinated (Fig. 1). Correlation analysis
made it possible to identify a stable inverse relationship
between the compared data with a correlation coeffi-
cient value of —0.68 (p < 0.0001). This indicates a sta-
tistically significant effect of vaccination on the inten-
sity of the epidemic process. The range of preparations
used throughout the epidemic changed due to the avail-
ability of certain anti-coronavirus vaccines in the KR.
Initially, three vaccines were used: Gam-COVID-Vac
(“Sputnik V”, Russia); EpiVacCorona (Russia); and
Sinopharm (PRC) [26]. Subsequently, an entire range
of vaccines supplied to the Republic was used.

In addition, the protective contribution of post-
infectious immunity, formed in response to manifest
COVID-19 or asymptomatic infections, cannot be
underestimated. It is generally accepted that follow-
ing an initial infection, a primary immune response
is formed in the body, yet it most often decreases
relatively quickly. This subsidence can be overcome
by repeated infection with a pathogenic virus, espe-
cially as a result of contact with a convalescent or
even a vaccinated subject with a mutated version
of the virus [5, 14, 33, 37]. One possible way to re-
duce the risk of reinfection is re-vaccination after
previous illness or asymptomatic infection. Booster
administration of vector or mRNA vaccines to indi-
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Figure 1. Dynamics of COVID-19 incidence and vaccination in the Kyrgyz population

Note. Grey line — incidence rates throughout the COVID-19 epidemic among the Kyrgyz population; black line — the share

of people who completed vaccination (%); left vertical axis — the number of patients per 100 000 population; right vertical axis —
share of individuals who fully completed vaccination; horizontal axis — week numbers of the year.
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viduals with a history of infection has been shown
to produce higher levels of total and neutralizing
antibodies compared to fully-vaccinated individuals
who have received two doses of vaccine but have no
prior overt or asymptomatic infection [5]. Such ap-
proaches contribute to the formation of hybrid im-
munity, featuring the most effective protection [6,
11, 24, 31]. Since, as noted above, the vaccination
tactics adopted in the KR led to a decrease in inci-
dence to a sporadic level (Fig. 1), it can be assumed
that the driving mechanism for this result was most
likely hybrid immunity.

The study summarizes a two-year project, the goal
of which was to analyze the formation of collective
immunity against coronavirus, and its associated dy-
namics, among the Kyrgyz population throughout
the COVID-19 epidemic.

Table 1. Distribution of volunteers by age

Age interval, years N %
1-17 123 5.1(4.3-6.1)
18-29 223 9.2 (8.1-10.5)
30-39 371 15.4 (13.4-16.9)
40-49 525 21.8 (20.2-23.5)
50-59 601 24.9 (23.2-26.7)
60-69 426 17.7 (17.4-19.2)
70+ 142 5.8 (4.9-6.8)
Overall 2411 100

Table 2. Distribution of volunteers by place
of residence

City or region N %
Bishkek City 287 11.9(7.5-13.3)
Osh Region 262 10.9(9.6-12.1)
Batken Region 208 8.6 (7.5-9.8)
Jalal-Abad Region 554 23.0(21.3-24.7)
Talas Region 334 13.8 (10.7-15.3)
Issyk-Kul Region 266 11.0(9.8-12.4)
Naryn Region 337 13.8 (10.7-15.2)
Chui Region 163 6.8 (5.8-7.8)
Overall 2411 100

Table 3. Distribution of volunteers by occupation

Occupation N % (95% Cl)
Healthcare 1393 57.8 (55.8-59.7)
Science, education,
the arts 163 6.8 (5.6-7.8)
Business, tr_ansport, 08 41(3.3-4.9)
manufacturing
Civil servants, office
military personnel 198 8.2(7.2-9.4)
Unemployed 132 5.5(4.6-6.5)
Pensioners 244 10.1(8.9-11.4)
Child, pupil, student 105 4.4 (3.6-5.2)
Other 78 3.2(2.6-4.0)
Overall 2411 100

Materials and methods

Formation and characteristics of the volunteer co-
hort. The study was conducted as part of the project
“Assessment of collective immunity to SARS-CoV-2
in the population of the Kyrgyz Republic”, carried
out using a methodology for assessing collective im-
munity developed by Rospotrebnadzor (Russia) and
the St. Petersburg Pasteur Institute (Russia) with
the participation of the Kyrgyz Ministry of Health, tak-
ing into account WHO recommendations. The lon-
gitudinal, randomized cohort study was conducted
in 3 stages in the period 2021—2022: 1st stage (28.06—
03.07.2021); 2nd stage (21.02—25.02.2022); and 3rd
stage (31.10—04.11.2022). Of the 9471 volunteers who
participated in Ist stage, only 2411 took part in all 3
survey stages; only these were used to assess the evolu-
tion of immunity during the pandemic. The metho-
dology for selecting and randomizing volunteers has
been detailed in our previous works [26, 27].

The study adhered to the requirements of the
Declaration of Helsinki. In addition, the studies were
approved by the ethics committees of the “Preventive
Medicine” Scientific and Production Association (cur-
rently the National Institute of Public Health, Kyrgyz
Ministry of Health) (protocol No. 7, ref. No. 01-288,
dated December9, 2020) and the St. Petersburg Pasteur
Institute (protocol No. 64, dated May 26, 2020).

Before the start of the study, all volunteers
were stratified by age (Table 1), place of residence
(Table 2), and occupation (Table 3). The cohort con-
sisted of 479 men and 1905 women (sex ratio 1:4).

The initial professional categories were hetero-
geneous, with large groups (medicine, unemployed)
and small groups (creativity — 6 people, military per-
sonnel — 8 people, etc.). As such, certain subgroups
were combined according to similarity of risk factors.
The combined groups are shown in Table 3.

Laboratory analysis of volunteer samples. At each
stage of the study, venous blood samples were taken
from volunteers for quantitative determination by
ELISA of antibodies (Abs) to the SARS-CoV-2 nu-
cleocapsid antigen (Nc) and the receptor binding
domain (RBD) of the S (spike) protein. The method
for determining Ab levels in peripheral blood plasma,
and the diagnostic systems used, are described in de-
tail in a previous work [26].

Volunteer vaccination. Some volunteers, as well as
the rest of the Kyrgyz population, received specific
vaccine prophylaxis during the survey period. During
the first stage, mainly Gam-COVID-Vac vector vac-
cines (Sputnik V, Sputnik Light, Gamaleya Research
Institute of Epidemiology and Microbiology, Russia)
and the BBIBP-CorV (Sinopharm, PRC) whole-viri-
on inactivated vaccine were used.

During the implementation of the 2nd and 3rd
stages of the study, the entire range of vaccine prepa-
rations available to Kyrgyz medical authorities was
used: vector vaccine ChAdOxl S (AstraZeneca),
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mRNA preparations BNTI162b2 (Pfizer) and
mRNA-1273 (Moderna), as well as the whole-viri-
on inactivated vaccines BBIBP-CorV (Sinopharm,
PRC), CoronaVac (Sinovac, PRC) and QuazVac
(Kazakhstan). Due to the fact that the set of prepara-
tions used in the KR included eight different prod-
ucts, they were combined, when necessary, into four
groups, based on design platform, for data analysis.
These categories were: inactivated (BIBP-Cor-V,
CoronaVac, QuazVac); vector (Gam-COVID-
Vac, Sputnik V, Sputnik Light, ChAdOx1-S);
mRNA (BNTI162b2, mRNA-1273); and peptides
(EpiVacCorona). The given categories are used
during analysis and discussion of the main aspects
of vaccination in this article.

Statistical analysis was carried out using Excel
2010. Confidence intervals (95% CI) were calculat-
ed by the method of Wald and Wolfowitz [35], with
correction as described by Agresti and Coull [4].
The statistical significance of differences in shares
was calculated using the z-test [32]. Unless otherwise
indicated, differences were designated as significant
when p <0.05.

Results

SARS-CoV-2 seroprevalence in volunteers of differ-
ent ages throughout seromonitoring. The main method
for assessing collective immunity in the population

was to determine the distribution among volunteers
of two specific Abs: anti-Nc and anti-RBD. Based
on the results of serological analysis at each stage
of the study, the cohort was divided into two groups.
The “negative serological group” (NSG) included in-
dividuals who did not have circulating Nc or RBD
Abs in their blood. The second group, the “combined
group of all positives” (CGAP), included volunteers
with circulating Abs to Nc, RBD, or both.

In the lIst stage, the share of CGAP individuals
averaged 82.0% (95% CI: 80.4—83.5), while the share
of NSG was 4.5-fold less, or 18.0% (95% CI: 16.5—
19.5). In the 2nd stage, the share of CGAP volunteers
increased to 98.2% (95% CI: 97.6—98.7), and NSG
decreased to 1.8% (95% CI: 1.3—2.4). Finally, by 3rd
stage, the CGAP reached a maximum (99.2%; 95%
CI: 98.8—99.5), while NSG decreased to a minimum
(0.8%; 95% CI: 0.5—1.2). Age-related differences in se-
roprevalence were noted only in Ist stage. The lowest
seroprevalence was observed in the children’s subgroup
(1—17 years), and the maximum was among individuals
in the age subgroup of 50—59 years (Fig. 2). By the 2nd
and especially the 3rd stages, the differences gradually
leveled out to statistically insignificant values.

In addition to cohort distribution according
to CGAP and NSG, we assessed the structural distri-
bution of Nc and RBD Abs in volunteers of different
age groups. For this, quantitative analysis results for the
CGAP group were further refined as subgroups: those
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Figure 2. Shares of seropositive (CGAP) and seronegative (NSG) individuals of different ages throughout

seromonitoring
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with only Nc Abs (Nc"RBD™); those with only RBD
Abs (RBD*Nc"); and those with both Ab subtypes
circulating simultaneously (Nc*RBD™) (Fig. 3A—C).

In the Ist stage of the study, conducted one and
a half years after the start of the pandemic, during
the period of decline in the 2nd moderate incidence
peak (Fig. 1), seropositive volunteers were predomi-
nantly represented by those who had Abs to both
antigens (Nc*RBD™), 51.3% (95% CI: 49.2—53.3)
on average. About a quarter of volunteers had anti-
bodies only to RBD (RBD"Nc¢-), 26.7% (95% CI:
24.9—28.4). The share of volunteers who had only Nc¢
Abs (Nc*RBD~) was 4.2% (95% CI: 3.4—5.0).

When analyzing individual age groups in the
Ist stage, differences in the structure of immuni-
ty were noted. Half of the volunteers over 40 years
old were Nc"RBD"*, and slightly more than 20%
were RBD*Nc™. In contrast, volunteer groups from
1 to 39 years old were represented approximately
equally (about a third of volunteers) by Nc"RBD™
and RBD*Nc~ (Fig. 3A).

By the 2nd stage, carried out in February 2022,
incidence remained at a consistently low level, and
vaccination coverage approached 20% (Fig. 1).
In this context, 88.7% (95% CI: 87.3—89.9) of volun-
teers on average for the cohort had antibodies to two
antigens (Nc"RBD™). The shares of monopositive
individuals decreased: RBD*Nc~ to 7.8% (95% ClI:
6.8—8.9); and Nc*RBD~ to 1.8% (95% CI: 1.3-2.4).
Moreover, age differences practically leveled out.
Only among children (1—17 years old), the relatively
low share of Nc"RBD ™ remained significantly higher
than the group average (p < 0.0001).

By the 3rd stage, the share Nc"RBD™ in the entire
cohort continued to be maximal, averaging 88.1%
(95% CI: 86.7—92.5). The share of Nc"RBD~ individ-
uals decreased to almost zero. The share of RBD*Nc~
subjects increased slightly (compared to 2nd stage)
to 10.6% (95% CI: 9.4—11.9). Differences were not-
ed only among volunteers monopositive for RBD
(RBD*Nc"), the shares of which were greatest among
those 18—29 years old (17.5%; 95% CI: 12.7—23.1) and
30—39 yearsold (15.4%; 95% CI: 11.8—19.4), although
the differences were not significant for any age group.

SARS-CoV-2 seroprevalence in volunteers living
in different Kyrgyz regions throughout seromonitoring.
As noted, the KR is a mountainous country located
in Central Asia. The geography of the KR is char-
acterized by two mountain systems, the Tien Shan
and Pamir, occupying almost 90% of the country.
The population mainly lives in intermountain val-
leys, each of which has its own climatic and geo-
graphic features. These, in principle, could have
an impact on seroprevalence. Based on these fea-
tures, we investigated the presence of Nc and RBD
Abs among volunteers from the main regions of the
Republic. At first, the proportions of seropositive
(CGAP) and seronegative (NSQG) volunteers were de-
termined in each region (Fig. 4).

In Ist stage, the share of NSG volunteers varied
from a maximum in Bishkek (27.6%; 95% CI: 22.7—
33.1) to a minimum in the Talas region (11.4%; 95%
CI: 8.2—15.3) reaching significance (p < 0.0001).
Accordingly, the proportion of CGAP subjects in the
Talas region was significantly higher than in Bishkek
(p <0.0001).

As noted earlier regarding 2nd stage, the share
of NSG individuals in the cohort expectedly de-
creased by an average of 10-fold, to 1.8% (95% CI:
1.3—2.4). Meanwhile, CGAP reached an average
0f 98.2% (95% CI: 97.6—98.7) for the cohort without
any significant differences in volunteer indicators by
region.

By the 3rd stage, the share of NSG decreased
to an average of 0.8% (95% CI: 0.4—1.2), while
the percentage of CGAP volunteers almost reached
the maximum possible value, an average of 99.2%
for the cohort (95% CI: 98.8—99.6). No regional dif-
ferences were noted.

In light of the data, especially for 2nd and 3rd
stages, it was logical to expect a similar seropreva-
lence structure of individuals with peripheral Nc
Abs, RBD Abs, or both (Nc"RBD™) (Fig. 5).

As described earlier, in 1st stage, half of the co-
hort (51.3%; 95% CI: 49.2—53.3) was represented by
Nc*RBD* individuals (Fig. 5A). The share RBD*Nc~
averaged 26.6% (95% CI: 24.9—28.4), and the share
Nc*RBD~ did not reach 5% (4.2%; 95% CI: 3.4—5.0).

By 2nd stage, the share Nc*RBD* increased
to 88.7% (95% CI: 87.3—89.9) due to decreases in mo-
nopositive volunteers: Nc*RBD~to 1.8% (95% CI: 1.3—
2.4);and RBD*Nc~to 7.8% (95% CI: 6.8—8.9). The dif-
ferences were significant at p < 0.0001. Furthermore,
regional differences in seroprevalence were seen in st
stage: significantly lower shares of RBD*Nc~ indi-
viduals in the Chui, Issyk-Kul and Jalal-Abad regions;
and lower Nc*RBD™ status in the Batken region and
Bishkek (Fig. 5A). By 2nd stage, however, these diffe-
rences leveled out to an insignificant level (Fig. 5B).

By the 3rd stage, the share of Nc* RBD* remained
high 88.1% (95% CI: 86.7—92.5), without significant
differences (Fig. 5C). However, regional differences
in share RBD"Nc~ increased, specifically: the shares
seropositive for RBD increased in the Osh and Jalal-
Abad regions; they decreased in the Chui, Issyk-Kul
and Naryn regions; and they remained virtually un-
changed in other regions. In other words, the differ-
ences that existed in the 2nd and 3rd stages of moni-
toring did not significantly affect the state of collec-
tive immunity to SARS-CoV-2, either nationwide or
by administrative region.

Influence of occupational factors on the structure
of SARS-CoV-2 seropositivity. Occupation could po-
tentially impact SARS-CoV-2 Ab distributions. There
is an extensive list of professions that require constant
wide contact with the surrounding population. Such
specialists include healthcare workers, consumer ser-
vices, public catering, social workers, etc. [19, 22].
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Figure 3. Changes in peripheral Nc and RBD Ab levels in volunteers of different ages throughout seromonitoring
Note. Letters above diagrams: A — 1st stage; B — 2nd stage; C — 3rd stage of the study.
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Therefore, the volunteer cohort was stratified by pro-
fession. Where sample sizes allowed, homogeneous
professional groups were formed (unemployed, health-
care, pensioners). Professional groups with a small
number of volunteers were joined into aggregate groups
(science + education + the arts, others).

As follows from Fig. 6, the proportion CGAP was
highest among healthcare workers in 1st stage (p <
0.001). In all other professional groups, the differen-
cesin Ist stagedid not reach the threshold of statistical
significance. By 2nd stage, all professional differences
were practically leveled out, and the share of CGAP
volunteers increased to a maximal level, amounting
to an average of 98.2% for the cohort (95% CI: 96.7—
98.7). By 3rd stage, it was 99.2% (95% CI: 98.9—99.6).

Based on seroprevalence distribution findings
in coarse groups (NSG, CGAP), similar patterns
would be expected forindividual SARS-CoV-2 Ab sub-
types. As noted, the CGAP group includes three sub-
groups of individuals seropositive for one (Nc*RBD-,
RBD*Nc~) or both (Nc*RBD™) Ab types. Their ratios
determine the structure of humoral immunity to path-
ogenic coronavirus [41]. Analysis of Ab distributions
among those in different professions largely confirmed
the previously identified trends (Fig. 7).

The share of Nc"RBD* individuals in all profes-
sional groups, as well as the share CGAP, in Ist stage
was the smallest among the three stages, ranging
from 31.7% (95% CI: 23.0—41.6) in children to 57.4%

95% CI. 54.8—60.3) among healthcare workers
(Fig. 7A). The share RBD*Nc~ in different profes-
sional groups ranged from 23.5% (95% CI: 15.5-33.1)
to 33.6% (95% CI: 24.7—43.6). In the 2nd and 3rd
stages, the same trend was observed in all professional
groups: the share Nc*RBD™ increased significantly
(exceeding 80%), while the shares of RBD™Nc¢~ and
Nc*RBD~ decreased to an average of 10.6% (95% CI:
9.4—11.9) and 0.6% (95% CI: 0.3—1.0) (Fig. 7B, C).
It can be assumed that this evolution of seropositiv-
ity is probably associated with features of vaccination
implemented in the KR during this period.
Quantification of the distribution of major antibodies
against SARS-CoV-2 among volunteers during the moni-
toring process. In addition to determining overall sero-
prevalence in the population, to assess collective im-
munity to the pathogenic coronavirus, it is necessary
to have an idea of Ab titers in volunteers throughout
seromonitoring. To obtain this information, we used
the corresponding quantitative ELISA test systems
described in previous work [26]. Blood samples were
analyzed quantitatively from all volunteers participat-
ing in the study. They were stratified only by age which,
in our opinion, made it possible to reduce the influence
of regional or professional factors on the results ob-
tained. Since the serological study used two kits intend-
ed for the quantitative determination of Abs only to Nc¢
or RBD, the results were analyzed separately for each
antigen. The results obtained are expressed in BAU/ml.
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Figure 4. Seropositive (CGAP) and seronegative (NSG) volunteers by Kyrgyz region throughout seromonitoring

Note. C — city; R — region.
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of analysis. C — city; R — region.
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Quantitative Nc Ab levels during seromonitoring
in volunteers of different age groups. The results of quan-
titative Nc Ab determination are shown in Fig. 8.

In the 1st stage, the majority of volunteers did not
have detectable Nc Abs, meaning that when tested, lev-
els were below a minimum (< 17 BAU/ml). Negative
results were most often detected in children aged
1—17 years and young people aged 18—29 years, and
to a lesser extent among persons aged 30—39 years
(Fig. 8A). There were no significant differences between
the average shares of seronegative individuals within
these three age groups. Among volunteers in whom
Nc Abs were detected, concentrations were more often
moderate, ranging from 32 to 124 BAU/ml (from 15.3
to 34.6% of volunteers). The largest share of such indi-
viduals was identified in the age group of 50—59 years
(34.6%; 95% CI: 30.7—38.5). The differences compared
with other age groups, except for the groups 1—17 and
40—49 years old, were significant at p < 0.05. The share
of individuals with N¢ Abs in concentrations less than
or greater than the range of 32—124 BAU/ml were sig-
nificantly lower in all age groups.

By the 2nd stage, Nc Ab levels changed noticeably,
primarily due to a decrease in the share of seronega-
tive individuals by 4.6-fold, p < 0.0001 (Fig. 8B). This
process was most active in the middle and older age
groups from 40 to 69 years. At the same time, there
was a 10-fold increase in the share of volunteers with

100

maximum Nc¢ Ab content exceeding 667 BAU/ml (p <
0.0001). The share of individuals with very low Nc Ab
content (17—31 BAU/ml) decreased by 2.9-fold (p <
0.0001). In contrast, the shares of individuals with av-
erage (125—332 BAU/ml), high (333—666 BAU/ml),
and very high (> 666 BAU/ml) Ab levels increased by
2.0-fold, 5.4-fold and 10-fold, respectively. All differ-
ences were significant at p < 0.001. Thus, by the 2nd
stage there was an increase in the share of seropositive
individuals with medium and high Ab levels.

By the 3rd stage, the share of seronegative volun-
teers did not change significantly compared to the
2nd, but there was a two-fold increase in the share
of individuals with a moderate Ab level in the range
32—124 BAU/ml (Fig. 8C) with significance at p <
0.0001. The share of individuals with Ab levels with-
in 125—332 BAU/ml increased by only 1.4-fold, yet
it was significant (p < 0.001). In this context, decreas-
es in the share of individuals with high Ab levels were
unexpected: 333—666 BAU/ml by 1.9-fold; and in the
group with titers > 667 BAU/ml, by even 4.6-fold (p <
0.001). In other words, among seropositive volunteers,
individuals with low and moderate Nc Ab levels pre-
dominated in 3rd stage. Unfortunately, we were una-
ble to find a convincing explanation for this phenom-
enon. We can only assume that this is due to specifics
of the organized vaccination campaign, which we dis-
cuss further in the corresponding section.
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Figure 6. Shares of seronegative (NSG) and seropositive (CGAP) volunteers in different professional

groups throughout seromonitoring
Note. Vertical black lines are 95% confidence intervals.
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Figure 7. Humoral immunity dynamics (Nc, RBD Abs) among volunteers by professional group
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Quantitative RBD Ab levels in volunteers of differ-
ent age groups throughout seromonitoring. Along with
Nc Abs, the leading component of the immune re-
sponse to SARS-CoV-2 is RBD Abs, which ensure
the mechanical stability of homotrimeric spines [7,
22, 39]. This aspect drives the constant attention
to the assessment of RBD Abs, which largely deter-
mine the protectiveness and intensity of the immune
response to COVID-19 vaccination [7, 13].

In the Ist stage of serological examination,
the largest number of volunteers were either nega-
tive (< 22 BAU/ml) or had low RBD Ab levels in the
range 22.6—220 BAU/ml (Fig. 9A), with a slight pre-
dominance in the group “1—17 years” of individuals
with low RBD Ab levels (22.6—220 BAU/ml), while
in other groups seronegative status predominated
(p > 0.0001).

By the 2nd stage, the volunteer cohort distribution
changed noticeably (Fig. 9B) primarily due to a sharp
decrease in the share of seronegative volunteers in all
age groups by an average of 16.7-fold for the cohort.
In addition, in all groups of seropositive subjects,
there was a significant increase in RBD Ab levels
(p <0.0001). The share of individuals with the high-
est Ab levels (> 450 BAU/ml) exceeded 70% in older
age groups (Fig. 9B). In age groups up to 39 years,
the proportions of individuals with average 221—
450 BAU/ml (about 30%) and high > 450 BAU/ml
(40—50%) levels were also significantly different.

In 3rd stage, the share of individuals with
the maximum Ab level (> 450 BAU/ml) decreased by
9.6% (p < 0.001). In the remaining groups, changes
in seropositivity were insignificant compared to 2nd
stage(Fig. 9C).

Thus, quantitative RBD Ab dynamics through-
out the analysis were characterized by several gradu-
al trends. The Ist stage featured a predominance
of RBD seronegative status which began to signifi-
cantly decline (fewer and fewer seronegative indi-
viduals) in subsequent stages. Meanwhile, the pro-
portion of seropositive individuals with both medium
and high Ab levels, on the contrary, increased sig-
nificantly. It can be assumed that a significant reason
for this increase could be vaccination of the popula-
tion against SARS-CoV-2 deployed by the Kyrgyz au-
thorities, which will be discussed in the next section.

Vaccination of the population
and volunteer cohort against SARS-CoV-2

The KR paid the utmost attention to the SARS-
CoV-2 vaccination program. During the 2021-2023
period, a total of 6 889 780 vaccine doses were ad-
ministered in the Republic. The result of this pro-
cess was the achievement of vaccination coverage
of almost 25% of the population by March 31, 2023.
Preparations for immunization came from different
sources, hence their distribution turned out to be
very heterogeneous. The largest share fell on three

inactivated vaccines types (74%). The share of vec-
tor vaccines was 12.6%, and mRNA designs repre-
sented 13.0%. Most vaccines (85.9%) were supplied
to the KR from various sources in 2021, while 13.5%
of preparations were imported in 2022. Only 0.3%
of vaccine materials, in the form of 20,160 doses
of BNT162b2, was delivered in March 2023. This
vaccine supply schedule determined the structure
of vaccine-based prevention for the Kyrgyz popula-
tion during the seromonitoring period (Fig. 10).

The graph omits minor shares of QuazVac and
SinoVac vaccines (< 1%). Gam-COVID-Vac prepa-
rations (Sputnik V, Sputnik Light) are combined
into one group. Of the entire set of preparations,
the inactivated whole-virion Sinopharm BIBP vac-
cine was most often used, likely due to its dominant
supply volume (71.8%). This assortment of vaccines
had an impact on vaccine administration to partici-
pants in the surveyed cohort, in which the proportion
of those vaccinated with inactivated whole-virion
preparations was expectedly the largest in all age
groups in all survey stages (Fig. 11).

The distribution by age of those immunized
turned out to share key features throughout all study
stages: maximum vaccination coverage was noted
among the middle-aged (39—69 yrs); and the mini-
mum was seen among children (1—17 yrs). It should
be emphasized that in the 1st stage, volunteers were
vaccinated more actively, especially among the ages
40—59 years, when vaccination coverage reached sig-
nificant differences (p < 0.0001). Among children,
only 5.8% (95% CI: 2.4—11.6) received vaccination,
which is 7.4-fold less than among adults (Fig. 11A).

By 2nd stage, the share vaccinated in the groups
18—29 and 30—39 years old increased, yet it decreased
in the groups 40—49 and 50—59 years old; all differ-
ences were insignificant (Fig. 11B). In general, the pro-
portion of people who received inactivated vaccines in-
creased slightly (by 2.1%). The bell-shaped distribution
characteristic of the 1st stage became flatter by the 2nd
stage. A significant increase in the share of individu-
als who received vector vaccines (mainly AZD1222)
was recorded, the total proportion of which increased
from 4.6% (95% CI: 3.8—5.5) in Ist stageto 10.0% (95%
CI: 8.8—11.2), p < 0.0001. In immunization practice,
mRNA types were also noted, the share of which was
a modest 4.6% (95% CI: 3.8—5.5).

By the 3rd stage, the majority of volunteers received
inactivated vaccines (24.8%; 95% CI. 23.1-26.5).
The significance of vaccine type differences (compar-
ison by stage) was: 3rd stage vs 1st stage at p < 0.0001;
and 3rd stages vs 2nd stage at p < 0.00001 (Fig. 11C).
Thus, the trend towards preferential use of inactivated
vaccines continued throughout the study.

We assessed the effect of vaccination on the level
and structure of volunteer humoral immunity (Fig. 12).
Pronounced differences in the structure of humoral
immunity were found only in the Ist stage of sero-
monitoring. In vaccinated volunteers, the individual
seropositivity types were higher than in unvaccinated
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volunteers: CGAP was 91.8% (95% CI: 89.9—93.4)
compared to 75.0% (95% CI: 72.8—77.3) in the unvac-
cinated; RBD" was 89.3% (95% CI: 87.2—91.2) versus
69.4% (95% CI: 67.0—71.8); Nc™ was 62.9% (95% ClI:
59.7—65.9) compared to 50.4% (95% Cl: 47.8—53.0); and
double-positive status (Nc*RBD™) was 60.4% (95% CI:
57.2—63.5) compared to 44.8% (95% Cl: 42.2—47.4).

In 2nd and 3rd stages, when vaccination cover-
age increased and the number of volunteers who had
manifest COVID-19 or an asymptomatic form in-
creased significantly, statistically significant differ-
ences between volunteers depending on vaccination
status were no longer detected.

Discussion

Intermsof COVID-19incidence, the KR isamong
countries with low severity of the infectious process.
The total number of reported cases by mid-2023 was
206 897, which translates to a population rate of 2807
per 100 000 people. According to this indicator,
the KR occupies 115th place in terms of the number
of infected people globally. However, the mortality
rate was 1.45% (2.8-fold higher than the global aver-
age). It is worth noting that the COVID-19 mortality
rate in the KR turned out to be higher than in neigh-
boring countries such as China (1.05%), Kazakhstan
(0.98%), Tajikistan (0.70%) and Uzbekistan (0.65%),
but noticeably lower than in Afghanistan (3.55%) [10].

The infectious process in the KR developed with-
out extreme “waves”. The first patients were identi-
fied in the 12th week of 2020. Only from the 26th week
(2020) was there an increase in incidence that lasted
for 7 weeks, with a sharp peak occurring in the 29th
week and amounting to 216.6 per 100 000 population.
Subsequently, there was a sharp decrease in incidence
to an almost sporadic level over the next 2—3 weeks
(Fig. 1). The next peak was noted a year later, and
it was already 1.4-fold lower than the initial one.
Subsequently, there was a gradual decrease in the in-
tensity of COVID-19 incidence. Starting from the 36th
week (2022), incidence reached a sporadic level (Fig. 1).
Such a “mild” epidemic course in Kyrgyz regions can
be explained variously: on the one hand, by the begin-
ning of vaccination; and on the other hand, by the ad-
ministrative measures of the Kyrgyz government men-
tioned in the introduction, the totality of which made
it possible to quickly localize the epidemic process.

A significant factor in assessment and analysis of the
epidemic process was the KR’s participation in the inter-
national project to study COVID-19 collective immunity
launched on June 21, 2021 (15 months after the outbreak
of the epidemic among the Kyrgyz population). By that
time, the total number of confirmed human infections was
119 873 [10]. Obviously, in addition to the symptomatic
cases registered, one should take into account the difficult-
to-estimate number of people who have had asymptomatic
infections [15, 30]. According to our data, seroprevalence
at the start of the study had reached 77.1% [26].

To determine seroprevalence levels in different
Kyrgyz age groups, we assessed the number of volun-
teers whose blood plasma contained Nc and/or RBD
Abs. This group was designated as the combined
group of all positives (CGAP), and naive individuals
(in whose blood Abs were not detected) were assigned
to the NSG group (Fig. 2). The results obtained gen-
erally confirmed the hypothesis about the significant
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Figure 10. Usage structure of vaccines used
to immunize the Kyrgyz population against
coronavirus throughout seromonitoring
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contribution of asymptomatic forms to total seroprev-
alence. The total share of CGAP volunteers by the Ist
stage was 82% (95% CI: 80.4—83.5). As mentioned,
the prevalence accumulated by the 1st stage amount-
ed to 119,873 people (1.63% of the total Kyrgyz
population), wherein the estimated share of asymp-
tomatic individuals will be about 80.4%, which fully
fits the lower limit of the CGAP confidence interval.
The share of seronegative individuals by this time was
18% (95% CI: 16.5—19.5). Differences between groups
were significant at p < 0.00001.

Antibody distributions in different age groups
showed a significant predominance of volunteers who
had Abs to both antigens or only RBD (Nc*RBD™,
RBD*Nc~) in all groups at p < 0.0001. The share
of those seropositive for RBD was greatest among
younger volunteers (1—17, 30—39 years). In older groups
(40—70+ years), it was significantly lower for the groups
50—59 and 60—69 years (p < 0.05) (Fig. 3A). The op-
posite trend was observed among Nc*RBD™ volunteers
(Fig. 3B, C). Among older volunteers, there was a sig-
nificant increase in the share of double-positive volun-
teers compared to younger groups (p < 0.001). By 2nd
and 3rd stages, these differences were smoothed out
due to a further decrease in the share of RBD*Nc¢~ and
an opposite increase in the share of Nc*RBD™ individ-
uals (p < 0.00001). Obviously, such a change in trend
could be associated primarily with vaccinations carried
out mainly with inactivated, and to a lesser extent vec-
tor vaccines (Fig. 11A—C). To some extent, this trend
can be explained by the wider antigenic composition
of inactivated vaccines compared to vector and mRNA
designs [36].

When assessing the structure of seropositivity de-
pending onregional and professional factors, the same
general trends were revealed as in the age group anal-
ysis (Fig. 4, 6). In the 1st stage, the share of CGAP
was lower than in subsequent stages. In the 1st stage,
there was still some heterogeneity in the distribution
across regions and professional groups. However, by
the 2nd and 3rd stages, it had smoothed out, wherein
an increase in the share CGAP was naturally ac-
companied by a significant decrease in NSG (p <
0.00001). The structure of immunity underwent sim-
ilar changes. The increase in the shares of Nc" RBD*
volunteers was accompanied by a natural decrease
in the corresponding shares of RBD*Nc~ (Fig. SA—
C, 7A—C). In all these cases, the main reason for the
increase in seroprevalence in 2nd and 3rd stages was
the active vaccination of the population, including
the cohort of volunteers (Fig. 1), as well as the likely
involvement of the majority of the population in the
infectious process via asymptomatic forms.

Indirect confirmation of the legitimacy of such
amechanism can also be provided by quantitative anal-
ysis of plasma Nc and RBD Ab content (Fig. 8A—C,
9A—C). In the 1st stage, Nc Abs (if determined) were
less than 17 BAU/ml (lower sensitivity threshold
of the method) in half of the volunteers (Me = 50.4;

Q25:Q75 = 38.6—58.6). By the 2nd stage, Nc Ab levels
in all age groups increased to 13—124 BAU/ml. In old-
er groups (40—49 to 70+), they reached the maximum
level (> 667 BAU/ml), although in general their total
share did not exceed 32.6% (95% CI: 30.8—34.6).

By 3rd stage, simultaneously with the increase
in CGAP, there was an increase in the share of those
with moderate Nc Ab levels in the range 32—124 BAU/
ml to 37.6% (95% CI: 35.7—39.5), alongside a statisti-
cally significant decrease in the share of those with high
Nc Ablevels (> 667 BAU/ml) to 7.1% (95% CI: 6.1-8.2).
This process seems unusual, and we were unable to find
a rational explanation for it. Regarding RBD Abs, their
dynamics fit well into the characteristics of collective
immunity development described above. In the Ist
stage, RBD negative individuals (< 22 BAU/ml) domi-
nated. As collective immunity formed, RBD Ab titers
naturally increased. This reached a maximum by 3rd
stage, wherein 64.9% (95% CI: 63.0—66.8) of volunteers
had high levels (> 450 BAU/ml), which is quite consist-
ent with vaccination dynamics (Fig. 1, 2).

The obtained results of assessing volunteer plasma
Nc and RBD Ab levels reflect the real state of col-
lective immunity formed both naturally (via manifest
and/or asymptomatic infection) and artificially (via
vaccination) ways [21]. Regarding Nc Ab content,
this largely reflects previous infection [3]. Insofar as
the share of symptomatic COVID-19 cases did not
exceed a sporadic level during the seromonitoring pe-
riod, this situation inevitably manifested itself as low
plasma Nc Ab levels in examined individuals [38].

The results of SARS-CoV-2 seroprevalence
analysis clearly indicate that collective immunity
is a cumulative response to the combined interac-
tion of two main factors: the natural reaction of the
immune system to the introduction of a pathogenic
agent into the body on the one hand; and the response
to the use of specific vaccines against SARS-CoV-2
on the other. The result of this process was the for-
mation of immune resistance, which consists of the
harmonious interaction of the cellular and humoral
components of the immune response [25, 29]. Since
a detailed consideration of cellular factors of the im-
mune response was not the scope of this study, we
focused only on the humoral component: circulat-
ing Abs. The most important step in the fight against
the COVID-19 pandemic is vaccine-based preven-
tion, whose origins date to the time of E. Jenner, fol-
lowed by the basic principles laid down in the XIX
century by L. Pasteur.

The unprecedented, rapid development of vaccines
on major technology platforms since the start of the
COVID-19 pandemic is a clear example of the results
of cooperation among the world’s technologically ad-
vanced countries. Currently, at least four main types
have been created: inactivated whole-virion vaccines,
vector vaccines, mRNA vaccines, and peptide vac-
cines [17]. In addition, development of other prepara-
tions, including live attenuated vaccines, continues [19].
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As the Kyrgyz Republic does not have its own tech-
nologies or capacity to produce immunomodulatory
drugs against SARS-CoV-2, vaccines obtained at dif-
ferent times and from different sources (purchases, hu-
manitarian aid, etc.) were used. At various times, eight
different vaccines were used from different platforms:
inactivated whole-virion vaccines, vector vaccines,
mRNA vaccines, and peptide vaccines (Fig. 10). In the
KR, preference was given to inactivated whole-virion
vaccines, the leader among which was Sinopharm-
BIBP (VeroCell). Its share, both in the KR overall and
in the surveyed cohort, was maximal throughout all
seromonitoring stages (Fig. 10, 11).

It was interesting to evaluate the attitude of volun-
teers towards vaccination, as reflected by the exam-
ple of 920 individuals vaccinated in the Ist stage. By
the 2nd stage, 41.4% of volunteers refused re-vaccina-
tion, and by the 3rd stage their share increased to 61%.
It can be assumed that the reason behind this was
the belief that there was no need for this procedure
against the backdrop of a decrease in COVID-19 inci-
dence to a sporadic level (Fig. 1). To be fair, it is worth
noting that the significant proportion of “refusers”
did not affect the state of collective immunity in the
cohort. CGAP status exceeded 99% by 3rd stage, with
88% being doubly seropositive (Nc*RBD™).

In this regard, it is logical to assume that vaccina-
tion of the population was carried out in the context
of significant incidence, with a tendency not so much
towards manifest COVID-19, but rather asympto-
matic infection [30]. In such cases, even the pri-
mary single immunization of a person who already
has some natural immunity after infection inevita-
bly causes the most durable and long-lasting hybrid
immunity [11, 31]. This thesis can be confirmed by
the absence of a noticeable influence of “refusers”
on the level of CGAP in the population (Fig. 2).
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