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Serological testing is a powerful tool for analyzing the infectious disease burden

landscape. Therefore, this study aimed to determine the seroprevalence against

SARS-CoV-2 in the population of the municipality of Kragujevac, Serbia, with a

particular reference to silent infections. A total of 4,804 participants over

19 years of age were randomly sampled for population-based

seroprevalence research. Anti-N IgG antibodies were measured using rapid

serological tests (UNscience
®
). The population was divided into four Cohorts,

according to the history of SARS-CoV-2 infection and vaccination status with

the whole inactivated virus vaccine BBIBP-CorV (Vero Cell
®
, Sinopharm), as

follows: Cohort I—confirmed SARS-CoV-2 infection, not vaccinated with the

BBIBP-CorV vaccine; Cohort II—without confirmed SARS- CoV-2 infection,

vaccinated with the BBIBP-CorV vaccine; Cohort III—confirmed SARS-CoV-

2 infection, vaccinated with the BBIBP-CorV vaccine; Cohort IV—without

confirmed SARS-CoV-2 infection, not vaccinated with the BBIBP-CorV

vaccine (silent immunization). Cohorts I and IV included patients vaccinated

with vaccines other than the BBIBP-CorV vaccine. The results showed that the

overall prevalence of anti-N IgG antibodies was 56.5%, with the highest

seroprevalence in Cohort III at 85.8%. In Cohort IV, the prevalence of anti-N

IgG antibodies was 40.7%, attributed to silent immunization. The results also

suggest that the prevalence of anti-N IgG antibodies decreased over time but
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remained detectable formore than 12 months in Cohort I. Since currently, there

is no data on silent infection frequency in our country, these findings may

provide insight into the extent of silent infections in the Serbian population.
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Introduction

The outbreak of SARS-CoV-2 (severe acute respiratory

syndrome coronavirus 2) has led to serious global health and

economic burden, resulting in a state of emergency with

appropriate preventive, protective, and therapeutic measures

to cope with the COVID-19 pandemic. From the pandemic’s

beginning in the Republic of Serbia until December 2022,

2,439,730 cases of SARS-CoV-2 virus infections were

registered1, of which 540,242 in central Serbia2.

SARS-CoV-2 virus is a single-stranded RNA virus from the

Coronaviridae family. It is transmitted by respiratory droplets

during close personal contact (Leao et al., 2022). In addition to

respiratory affection, an infected person may have symptoms and

signs from other organs and organ systems, such as

cardiovascular, neurological, digestive, urinary, and

hematological (Rabaan et al., 2020). Symptomatic patients

infected with the SARS-CoV-2 virus can exhibit a wide range

of clinical features, but the infection is asymptomatic in up to

40% of cases (Sah et al., 2021). Such asymptomatic patients and

those with mild symptoms often remain unidentified. In

addition, the limited sensitivity of laboratory tests could

negatively affect the number of laboratory-confirmed cases,

especially if we test only patients with COVID-19 symptoms

(Buitrago-Garcia et al., 2020). Therefore, there is a possibility that

a significant number of infections may not be detected (Reese

et al., 2021).

Laboratory detection of SARS-CoV-2 is carried out by

nucleic acid amplification test and immunoassay. Real-time

RT-PCR assays are used to detect viral nucleic acids. These

tests are designed to detect protein-coding sequences of

interest and represent the gold standard in laboratory

diagnostics. The immunological test measures the proteins of

the COVID-19 virus (rapid antigen tests) and the antibodies

produced by the host’s immune response to the virus infection

(serological tests). Rapid antigen tests are designed to detect one

or more of the structural proteins encoded by the coronavirus

genome [spike (S), membrane (M), envelope (E), nucleocapsid

(N)] (Boson et al., 2021). Serological tests are used to monitor the

humoral immune response to SARS-CoV-2 infection and

vaccination. These tests detect antibodies against the virus

found in the host’s circulation. Given that antibodies are

detected in people who had an infection without or with mild

symptoms, it is possible to determine the frequency of

asymptomatic cases without the confirmed disease. That is

why these tests have an epidemiological significance in the

spread of infection.

The SARS-CoV-2 virus triggers specific humoral and cellular

immune responses. Humoral immune response implies the

production of different classes of antibodies, of which IgM

and IgG are significant for us as markers of acute infection or

prior exposure to the virus, either through infection or

vaccination (Long et al., 2020a; Munster et al., 2020; World

Health Organization, 2022). It is not yet fully known which

antibodies at what concentration could protect the population

from primary or re-infection. In addition, there are conflicting

views on the persistence of a specific humoral immune response

to the SARS-CoV-2 virus over time, ranging from stable,

persistent immunity through its rapid decline to late onset of

low antibody levels or complete absence of long-term antibodies,

especially in vaccinated patients (Jeyanathan et al., 2020). Several

studies have shown that neutralizing antibodies circulate in the

peripheral circulation for up to 8 months after the disease (Castro

Dopico et al., 2022). Another study showed that after 10 months,

13% of subjects lost their IgG antibody titer (Vanshylla et al.,

2021). Asymptomatic infections are known to give lower titer of

antibodies and remain in the circulation for a shorter period

(Long et al., 2020b).

The aim of this study was to assess the seroprevalence of anti-

N-IgG antibodies against the SARS-CoV-2 virus in the

population of the municipality of Kragujevac, Serbia. Since

there is no data from previous research in Serbia, these

findings may provide insight into the extent of silent

infections in the population. In addition, this prevalence study

aimed to determine the time interval for maintaining anti-N IgG

seropositivity after confirmed infection and/or administration of

COVID-19 vaccines available in Serbia.

Materials and methods

Study design, setting, and participants

This descriptive cross-sectional study was conducted in the

city of Kragujevac, Serbia. It included a sample of residents from

1 https://covid19.rs/

2 http://www.izjzkg.rs/
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the territory covered by the Kragujevac Health Centre (also

known as the Dom zdravlja Kragujevac), which provides

primary healthcare for approximately 170,000 health-insured

inhabitants of all ages. A representative, “convenient” sample

was used, which means that each person available for seroassay

for SARS-CoV-2 at the Kragujevac Health Centre was included in

the study. There were no other exclusion criteria besides patients

with currently confirmed COVID-19 infection. A total of

5,085 adult patients (at least 18 years old) of both sexes with

different clinical characteristics were enrolled. Each participant

was referred by his/her own chosen general practitioner for routine

laboratory blood tests. In rare cases, if the participant was

serologically tested several times, only the first test’s results

were taken in further data processing and analysis.

The research was approved by the Ethics Committee of the

Kragujevac Health Centre on 06.12.2021. (Decision No. 01-8625/

3). Samples were collected and tested between 10 January and

17 February 2022. All patients gave their written informed

consent.

IgG detection

Anti-SARS-CoV-2 IgG antibodies specific for protein N were

determined using rapid serological tests. Anti-SARS-CoV-

2 antibodies were detected using UNscience® (UNscience

Biotechnology, Wuhan, China). It is a qualitative membrane-

based immunoassay based on a combination of particles coated

with SARS-CoV-2 antigens which allow the detection of IgG

antibodies for the protein of the SARS-CoV-2 virus. In order to

run the test, a small volume of the sample (20 µL or one drop) is

placed in the cassette, and then one drop of the buffer is added. Ten

to twenty minutes later, the results are read. If a colored line

emerges in the IgG test section and a colored line in the control

region, the result is positive. When a colored line emerges in the

control region but not in the test region for IgG, the result is

negative. When the control line does not display, the result is

invalid. This point-of-care (POC) serology test has a sensitivity and

specificity of 98.81% and 98.02%, respectively.

Data collection

Outcome data (i.e., serological test results) were observed as a

categorical dichotomous variable depending on whether

antibodies to the N protein of the SARS-CoV-2 virus were

detected or not. The following independent variables were

observed: 1) Ascertained vaccine status of the subjects,

including the type of vaccine received as well as the date it

was received, which allowed the length of the time interval from

the date of administration of the last dose of vaccine to sampling

to be determined (in months); 2) Data on the previous COVID-

19 infection; this made it possible to determine the length of the

time from last positive SARS-CoV-2 PCR and/or rapid Ag test to

sampling (in months). Vaccine status and data on the previous

COVID-19 infection were taken from the Institute of Public

Health of Serbia database and the Republic Fund of Health

Insurance database, respectively. Confounding factors, such as

age and sex, were collected from patients’ electronic medical

records in primary care and observed as continuous and

categorical variables, respectively. According to the observed

age, a total sample was divided into two age categories

(younger than 60 and older than 60). Regarding the

vaccination status, there were participants vaccinated with

one, two, or three doses who received all types of vaccines

available in Serbia [RNA-based BNT162b2 (Comirnaty®,
Pfizer-BioNTech), inactivated BBIBP-CorV (Vero Cell®,
Sinopharm), and vector-based Gam-COVID-Vac (Sputnik V®,
Gamaleya Institute) and ChAdOx1-n CoV-19 (Vaxzevria®,
University of Oxford/AstraZeneca)]. Patients vaccinated with

different vaccines were excluded from the total sample. The

distribution of vaccine types by received doses is shown in

Supplementary Table S1. From the total number of persons

included in the study (n = 5,085), participants who were

vaccinated with a combination of different vaccines were

excluded from the study (n = 281). Given the fact that the

test we used detects only anti-N IgG antibodies produced

either during natural infection or vaccination with the BBIBP-

CorV vaccine, we classified the population into four Cohorts

TABLE 1 Characteristics of the study participants.

Study population n

Overall 4,804

Age, median (IQR) [years] 55 (40–68)

Age groups

<60 years 2,786

≥60 years 2,018

Sex

Male 1,740

Female 3,064

History of positive testing for SARS-CoV-2

Yes 1,766

No 3,038

History of vaccinationwith any vaccine for SARS-CoV-2

Yes 2,825

No 1,979

Seropositive for SARS-CoV-2 anti-N IgG antibodies

Yes 2,714

No 2,090

n, number; IQR, interquartile range.
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formed according to the history of COVID-19 infection and

BBIBP-CorV vaccination status, as follows:

⁃ Cohort I (n = 1,075): patients who tested positive for virus

infection and were not vaccinated with the BBIBP-CorV

vaccine;

⁃ Cohort II (n = 1,357): patients who did not test positive for

virus infection and were vaccinated with the BBIBP-CorV

vaccine;

⁃ Cohort III (n = 691): patients who tested positive for virus

infection and were vaccinated with the BBIBP-CorV

vaccine;

⁃ Cohort IV (n = 1,681): patients who did not test positive for

virus infection and were not vaccinated with the BBIBP-

CorV vaccine (silent immunization).

Cohorts I and IV included patients vaccinated with vaccines

other than the BBIBP-CorV vaccine (Supplementary Table S2).

Statistical analysis

Statistical software SPSS version 22.0 (IBM Corporation,

Armonk, NY, United States) was used to perform all

statistical analyses. Based on its findings, continuous variables

were summarized as median and interquartile range, while the

significance of the difference between them was determined

using Mann-Whitney test. Absolute and relative frequencies

were used to summarize categorical variables, while the Chi-

square test was performed to determine differences in the

frequencies of individual categories. The probability of

statistical significance for all analyses was set at p < 0.05 (5%).

Results

Our study examined a total sample of participants aged

19–94 years. A higher prevalence of seropositivity (58%) was

observed in individuals under the age of 60 [χ2 (1) = 6.298, p =

0.012]. The female sex was slightly more represented in our

study, accounting for 63.8% of the participants. Among the

respondents, a lesser percentage had a positive SARS-CoV-

2 virus test outcome (36.8%), while a greater percentage had

been vaccinated with one of the vaccines available in Serbia

(58.8%). Notably, 56.5% of the samples showed presence of anti-

N IgG antibodies (Table 1).

As shown in Figure 1, our results demonstrated significant

differences in anti-N IgG seropositivity among the four studied

Cohorts [χ2 (3) = 469.376, p < 0.001]. In Cohorts I, II, and III,

over 50% of participants displayed IgG seropositivity to N

antibodies. Cohort III, comprising participants who received

the BBIBP-CorV vaccine and tested positive for SARS-CoV-2,

exhibited the highest seropositivity rate (85.8%). No notable

influence of sex or age on anti-N IgG seropositivity was

observed in Cohorts I and III. Nevertheless, in Cohort II,

which involved individuals vaccinated with BBIBP-CorV but

lacking confirmed infection, a greater rate of seropositive

individuals was observed within the younger age group [χ2
(1) = 19.697, p < 0.001].

In Cohort IV, which included participants with unconfirmed

SARS-CoV-2 infection and without previous BBIBP-CorV

vaccination, the rate of anti-N IgG seropositivity was 40.7%

FIGURE 1
Seroprevalence among Cohorts (A) and effects of sex (B) and
age (C) on seropositivity. Legend: **—statistical significance level p
< 0.01; ***—statistical significance level p < 0.001.
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(Figure 1). It can be assumed that seropositivity in these patients

is an effect of asymptomatic or undetected infection. In this

Cohort, a statistically significant difference in seropositivity was

observed based on age groups, with participants under

60 exhibiting a higher prevalence of anti-N IgG seropositivity

than those over 60 [χ2 (1) = 7.206, p = 0.006]. Additionally,

participants in Cohort IV who were vaccinated with a vaccine

other than BBIBP-CorV had lower seropositivity than those who

were not vaccinated [χ2 (1) = 11.032, p = 0.001].

Our analysis suggests that the prevalence of anti-N IgG

seropositivity decreased over time in Cohorts I-III (as shown

in Figure 2). Specifically, a continuous decline in the prevalence

of seropositivity was observed in Cohorts II and III, while in

Cohort I, there was a decrease in the prevalence of seropositivity

up to 7–9 months, followed by a period of sustained

seropositivity that lasted for more than 12 months.

Discussion

The SARS-CoV-2 virus possesses a major structural protein,

known as the nucleocapsid protein, which plays a significant role

in various processes. These processes include the transcription

and replication of viral RNA, the packaging of the genome into

infectious particles, and the interference with the host cell cycle

(Cubuk et al., 2021). Studies have demonstrated this protein is

highly immunogenic and plentiful, with antibodies directed

against it being more sensitive to early infection detection

than antibodies targeting the spike protein (Burbelo et al.,

2020). In addition, detecting anti-N antibodies allows

differentiating individuals vaccinated with S-directed vaccines

based on the history of infection (Demmer et al., 2021). IgG

directed against the N protein can indicate both symptomatic

and asymptomatic SARS-CoV-2 infection and vaccination with

the BBIBP-CorV vaccine. Anti-N IgG antibodies are particularly

important because their seroconversion has had a significant

place in defining asymptomatic cases of COVID-19 (Jones et al.,

2021). As there is a lack of data on this relevant issue in our

country, the population of central Serbia was examined for the

presence of anti-SARS-CoV-2 nucleocapsid IgG antibodies. The

main finding of our research indicates that slightly more than half

of the tested population developed IgG antibodies to the N

antigen of the SARS-CoV-2 virus due to prior infection and/

or vaccination with the BBIBP-CorV vaccine. Previous studies

have shown that the seroprevalence of COVID-19 in general

populations varies worldwide (Long et al., 2020a; Jeyanathan

et al., 2020; Vanshylla et al., 2021; Castro Dopico et al., 2022).

According to a newly published meta-analysis, global SARS-

CoV-2 seroprevalence from infection or vaccination was 59.2%

(Bergeri et al., 2022). In addition, the seroprevalence differed

across the different regions and continents, with the higher

prevalence present in the high-income European countries

(95.9%) (Bergeri et al., 2022). Although our results follow the

global seroprevalence, they are significantly lower than European

countries.

In order to determine the seroprevalence depending on the

history of SARS-CoV-2 infection and vaccination status, the

studied population was divided into four groups (Cohort

I–IV). It was observed that the frequency of anti-N IgG

antibodies is higher among the vaccinated and infected

population than the population that is only vaccinated or has

a history of previous COVID-19 disease. These results are

FIGURE 2
Maintenance of anti-N IgG antibodies in Cohorts I–III. Legend: Cohort I-time since prior infection; Cohort II-time since vaccination; Cohort III-
time since prior infection or vaccination. X-axis represents time intervals inmonths. The frequency of IgG seropositive participants in a given Cohorts
is presented on the y-axis. Cohort IV is not included since there is no known time of infection.
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consistent with the assumption that vaccination and infection

mutually enhance the immune response regardless of whether

the person was first vaccinated or infected with the SARS-CoV-

2 virus (Karachaliou et al., 2022).

Silent infections, as defined by Segen’s Medical Dictionary

(Segen, 1992 February 15), are characterized by a lack of overt

clinical symptoms and signs but can be identified through the

presence of specific antibodies. Serological testing is a powerful

epidemiological tool in identifying silent SARS-CoV-2 infections,

as these infections may not be detectable through other methods.

Both the BBIBP-CorV vaccine and natural SARS-CoV-

2 infection result in the production of anti-S and -N

antibodies, but the test used in the present study only

detected anti-N IgG antibodies. Therefore, the silent SARS-

CoV-2 infection Cohort (Cohort IV) included individuals who

had never tested positive for SARS-CoV-2 and were not

vaccinated with the BBIBP-CorV vaccine. The prevalence of

asymptomatic and unconfirmed SARS-CoV-2 infections varies

widely. A study conducted in Malawi found that approximately

45% of SARS-CoV-2 infections were asymptomatic (Meinus

et al., 2022), while another study conducted in Brazil found a

prevalence of asymptomatic infection of around 8% (Borges

et al., 2020). In contrast, a study conducted in the

United States found a much lower prevalence of

asymptomatic infection, at just 4% (Kalish et al., 2021). Our

analyzes found that 40.7% of patients in Cohort IV had

developed anti-N IgG antibodies due to an asymptomatic or

unconfirmed SARS-CoV-2 infection. Many factors may

contribute to these variations, including differences in the

populations studied, the methods used to detect infection, and

the overall prevalence of the virus in the community. In addition,

there may be social, psychological, and economic barriers to

testing for SARS-CoV-2, such as fear, anxiety, and the

consequences of absenteeism from work (McDermott and

Newman, 2020; Rubin, 2020).

Various comorbidities (obesity, diabetes mellitus, respiratory

system disease, and cardiovascular diseases) as variable factors

had an impact on seroprevalence (Ejaz et al., 2020; Yang et al.,

2020; Gasmi et al., 2021). In our work, only the effects of non-

variable factors (sex, age) were evaluated in the tested population.

Consistent with global findings on sex differences in

seroconversion (Lai et al., 2020; Pollan et al., 2020; Tess et al.,

2021; Varona et al., 2021; Wiens et al., 2021), we found no

significant effect of sex on seroprevalence. On the other hand, age

was a substantial determinant of seroconversion. Anti-N IgG

antibody seroprevalence was significantly higher in those under

60 following BBIBP-CorV vaccination (Cohort II). The same age

pattern in anti-S IgG antibody levels after vaccination with

BBIBP-CorV and other available vaccines was observed in

another Serbian population (Petrovic et al., 2022) as well as in

other populations (Badano et al., 2022; Chiarella et al., 2022). In

addition, individuals over 60 exhibited a lower occurrence of

silent SARS-CoV-2 infection. The possible explanation may be

that older individuals may be more likely to follow guidelines for

social distancing, and wearing masks, which can help reduce the

risk of contracting and spreading SARS-CoV-2 (Anderson-

Carpenter and Tacy, 2022). On the other hand, older

individuals may have preexisting medical conditions. People

with underlying medical conditions, such as diabetes, heart

disease, and lung disease, are more likely to experience severe

illness COVID-19 form (Pera et al., 2015; Thakur et al., 2021).

The higher prevalence of these conditions among older

individuals might elucidate the relatively less pronounced

occurrence of silent infections in this age group. At least,

aging is associated with immunosenescence, a well-known

phenomenon defined by alterations in the distribution and

functionality of cells engaged in cellular and humoral adaptive

immunity.

Persistence of antibodies against the N protein of SARS-

CoV-2 differs depending on the individual factors and whether

they were produced in response to infection or vaccination.

Studies have shown that antibodies against the N protein of

SARS-CoV-2 are generally detectable within 6 months after

infection (Chansaenroj et al., 2021; Brlic et al., 2022), whereas

one-fourth had detectable antibodies after 9–12 months

(Chansaenroj et al., 2021). However, our results showed a

decrease in seropositivity prevalence around 7–9 months after

infection, with more than 60% of participants having detectable

anti-N IgG antibodies after 12 months. Moreover, we found that

the anti-N IgG elicited by the BBIBP-CorV vaccine remained

detectable for up to 10–12 months after vaccination, slightly

longer than the 9 months of detectability found in the report

of Wang et al. (2022). Significant seroprevalence 10–12 months

after BBIBP-CorV vaccination in Cohort II could, to some extent,

be explained by an asymptomatic or unconfirmed infection.

There are several limitations in our study. Firstly, we detected

only the presence of antibodies to the SARS-CoV-2 N protein

and not to the S protein, to which the most available vaccines

elicit a humoral immune response. The accuracy and reliability of

used POC serological tests are limited. Moreover, the humoral

immune response was determined qualitatively. Finally, no data

were available on comorbidities, the severity of COVID-19 in

those who had previously been infected, and other relevant

confounders.

Conclusion

Our study has established that more than half of the tested

population had encountered the SARS-CoV-2 virus either

through infection or vaccination. Notably, our findings

indicate that 40.7% of patients without confirmed SARS-CoV-

2 infection and not vaccinated with the BBIBP-CorV vaccine

(Cohort IV) were seropositive, suggesting that they had

experienced asymptomatic or undetected infections. This

observation is particularly noteworthy, due to the lack of
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evidence in our country, where no previous study has focused on

silent infections. This matter may have important implications

for understanding the true extent of the pandemic and public

health efforts to control the spread of COVID-19. Understanding

the prevalence and factors contributing to silent infections can

inform public health efforts to protect vulnerable populations.
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