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Abstract

:

Background: Chile has achieved the highest coverage for vaccines against the SARS-CoV-2 virus worldwide. Objective: To assess the progression of immunity (natural and acquired by vaccine) in a cohort from two Chilean cities. Methods: Individuals (n = 386) who participated in three phases of population-based serial prevalence studies were included (2020–2021 and 2022). Presence of SARS-CoV-2 antibodies was measured in serum. Data including time of vaccination and type of vaccine received were analysed with descriptive statistics. Results: Seroprevalence was 3.6% in the first round and increased to 96.9% in the second and 98.7% in the third. In the third round, 75% of individuals who had received the basal full scheme were seropositive at 180 days or more since their last dose; 98% of individuals who received one booster dose were seropositive at 180 days or more, and 100% participants who received two boosters were seropositive, regardless of time since their last dose. Participants receiving mRNA vaccines had higher seroprevalence rates over time. Conclusions: The high vaccination coverage in Chile enabled the population to maintain high levels of antibodies. Vaccination boosters are essential to maintain immunity over time, which also depends on the type of vaccine administered.
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1. Introduction


Since the end of the year 2019, the world has witnessed an unprecedented pandemic caused by the SARS-CoV-2 virus; more than six million deaths and over six hundred million cases were reported during the first 30 months of the COVID-19 pandemic [1]. Disease surveillance is crucial at all stages of an epidemic to guide control measures; clinical, epidemiological and pathogen surveillance are initially of interest, and surveillance of immunity takes on greater significance once an epidemic is more advanced. Serial seroprevalence studies enable the surveillance of the development of immunity (natural and/or acquired) through the quantification of IgG antibodies in the population [2,3,4]. The findings of the first population-based seroprevalence study in Chile showed heterogeneity in transmission within and between the urban centres studied, with social disparity determining the geographic distribution of the disease. The seroprevalence of COVID-19 antibodies was associated with factors such as education, overcrowding and population density [5].



Vaccines are the most efficient and effective preventive measure to control an epidemic. Vaccines for the SARS-CoV-2 virus have been developed very quickly with both commonly used and modern platforms, including vaccines based on inactivated viruses, viral proteins, viral vectors or viral genetic material (messenger RNA) [6]. Each type of vaccine has a distinct formulation, with different numbers of doses and spacing between doses specific to each vaccine. Moreover, the reported effectiveness of SARS-CoV-2 vaccines is also variable and ranges between 50% and 95% depending on the type of outcome measured, the type of vaccine and individual factors among the inoculated population [7,8,9,10].



The vaccination program in Chile began at the end of 2020 with healthcare personnel and advanced rapidly to wide coverage of the entire population via various heterologous vaccination schedules. Initially, Sinovac’s CoronaVac vaccine, which is based on an inactivated virus, was widely used. Pfizer-BioNTech’s BNT162b2, Oxford-AstraZeneca’s AZD1222 and CanSino Biologics’ Ad5-nCoV vaccines were added during the first year, and, finally, Moderna’s COVID-19 (mRNA-1273) was included by February 2022. A detailed description of the vaccines used in Chile in October 2021 (the time of the second evaluation in this study) is described elsewhere [11,12]. The general Chilean population was offered a second booster with a mRNA vaccine at the time of the third evaluation (April–May 2022).



During the first year of the SARS-CoV-2 pandemic, various seroprevalence studies were carried out. Several of them explored the natural infection in general population and healthcare professionals before the launch of the first round of COVID-19 vaccines [13,14,15]. These seroprevalence studies observed a decrease in natural immunity over time [16,17]. Moreover, the duration of immunity acquired by vaccines remains uncertain and depends on the type of vaccine and inoculation scheme [11,12,18]. It is not always possible to measure both types of immunity (natural and acquired) separately via simple determination of antibodies, as IgG antibodies to the nucleocapsid (IgG anti-N) and the spike proteins (IgG anti-S) must be measured separately [19]. However, the sequential measurement of the levels of antibodies in the same population sample, along with knowledge of the history of disease and vaccination, makes it easier to identify natural and acquired immunity and also helps to facilitate the identification of the factors associated with immunity. Indeed, hybrid seroprevalence follow-up studies have been carried out in various countries [10,20,21,22,23,24,25,26,27].



The purpose of this study was to establish the progression of humoral immunity against the SARS-CoV-2 virus and to evaluate the effective coverage of the vaccination plan among residents of the urban areas of two Chilean cities after two years of the pandemic and the implementation of a wide vaccination campaign. Additionally, we aimed to investigate the associations of immunity with vaccination status and clinical and socio-environmental factors.




2. Materials and Methods


The present study is part of three serial SARS-CoV-2 prevalence studies carried out in two cities in Chile (La Serena-Coquimbo and Talca) during the years 2020 (September–November), 2021 (October–November) and 2022 (April–May). The participants of this study were all individuals who participated in all three evaluations.



2.1. Sampling Procedures


All population samples were randomly selected and were representative of both cities. The details of the sampling procedures for the first and second phases are described elsewhere [5,11,12]. Briefly, two-stage random sampling was carried out, stratified by census districts based on (1) block (random selection) and (2) home (systematic jump); all members 7 years of age or older within the sampled homes were invited to participate. The minimum numbers of participants required at all stages were calculated based on population sizes of 200,000 people (population of Talca) and 500,000 people (population of La Serena-Coquimbo), with an expected variance of 50%, considering a 95% confidence interval and 5% error. The minimum sample size required was calculated to be 384 individuals; this minimum was exceeded in all three stages of the present study for both cities (Figure 1).




2.2. Variables and Sources of Information


The sociodemographic variables measured were sex, age, educational level, nationality, health insurance, work activity, type of housing and overcrowding. The clinical and epidemiological variables registered were comorbidity history, risk factors, diagnosis and symptoms of COVID-19 and history of vaccination (vaccine received, date, dose, brand of vaccine and reasons for not receiving vaccine). Finally, we recorded the presence/absence and titres of IgG antibodies against SARS-CoV-2 in blood in the current and previous evaluations. The information was obtained by trained surveyors using a structured questionnaire and was recorded on the RedCap platform.




2.3. Field Work


Participants from previous studies were contacted, and an appointment was made to visit their homes. Surveys were conducted by trained medical students and nurses collected venous blood samples, which were stored in a cold chain. The samples were centrifuged, aliquoted and stored within 24 h at local laboratories. The sera were shipped, maintaining the cold chain, for analysis in a laboratory in Santiago, the capital city.




2.4. Laboratory Methods


The presence of anti-SARS-CoV-2 antibodies was determined in the serum of 386 individuals using different tests depending on availability. Three different strategies were used in the study due to the scarcity and variability in the available reagents, especially during the pandemic outbreak. The first serosurvey (2020) was performed using the Elecsys immunoassay (Roche® with a cobas® analyser, Basel, Switzerland) [5]. The Wantai SARS-CoV-2 Ab ELISA was used for the second serosurvey (2021) [11,12]. The third serosurvey (2022) was performed using an in-house validated ELISA [28]. All test results are expressed as dichotomous variables (positive/negative) to establish the proportion of enrolled seropositive individuals. A lateral flow immunoassay (Livzon®, Zhuhai, China; Cellex, Rockville, MD, USA) was used for adults in whom venepuncture failed or was contraindicated and for young children who refused venepuncture.




2.5. Statistical Methods


Seroprevalence was computed as the proportion of seropositive individuals expressed as a percentage of the total number of participants. Seroprevalence was also adjusted according to the sensitivity and specificity of the tests used, following the recommendations of Rogan and Gladen [29] using the Epitools calculator [30]. The data were analysed with descriptive statistics and corrected based on the sensitivity and specificity of the tests, including the variable time of vaccination, according to the types of vaccine received. The time elapsed since the last vaccination was calculated as the number of days from administration of the last vaccine to the date of sample collection.



Delta (days) = (sample collection date − date of the last administered vaccine). Kaplan–Meyer survival analysis was performed to show the loss of antibodies over time.



Data were analysed using STATA statistical software (StataCorp. 2017, Stata Statistical Software: Release 15; StataCorp LLC, College Station, TX, USA).




2.6. Ethical Considerations


The study protocol for each phase was approved by the Ethics Committees of the Universidad de Talca and the Facultad de Medicina of the Universidad Católica del Norte. Informed consent was obtained from all subjects; if subjects were under 18, written parent or legal guardian consent was obtained, and the children also signed an assent form.





3. Results


3.1. Characteristics of the Participants


A total of 386 subjects from two cities participated in all three rounds of this serial seroprevalence study (52.3% from Talca) (Figure 1). Most participants (67.4%) were female, 40 years of age or older (68.9%) and Chilean (99.5%); 22.2% of participants had professional education, and 85.8% had public health insurance (Table 1).



In total, 22.8% (88/386) of participants reported having ever been diagnosed with COVID-19 by PCR, and 2.3% of these individuals (2/88) reported two COVID infections.




3.2. Vaccine


At the time of the last evaluation, 98.4% individuals had at least one vaccine. Specifically, 0.3% had only one dose; 7% had two doses or full baseline; 55% had one booster, and 36% two boosters. The most frequent schemes for the entire sample were Pfizer–Pfizer–Pfizer (24.5%), followed by Sinovac–Sinovac–Pfizer (21.6%) and Sinovac–Sinovac–Astrazeneca–Pfizer (15%; Table 1).



In the second round (October–November 2021), 94.4% of all subjects had received either the basal scheme (47.2%) or the basal scheme plus one booster (47.2%). In the third round (April–May 2022), 61.9% of participants had received either the basal scheme (6.7%) or the basal scheme plus one (55.2%) or two boosters (36.0%; Table 2).




3.3. Seroprevalence


In the first round (September–November 2020) of this study, the seroprevalence rate was 3.6%. In the second round (October–November 2021), the seroprevalence rate was 96.9%. At least 96.7% of the individuals in the 20-to-over-70 age groups had antibodies against SARS-CoV-2. The seropositivity rate of the 10–19 age group was 91.7%, and children less than 10 years old had a seroprevalence rate of 50%. In the third round (April–May 2022), the seroprevalence was 98.7%, and 100% of 40 to 70-year-olds were seropositive (Table 2). The adjusted seroprevalence rates based on the sensitivity and specificity of the tests were not significantly different from the raw seroprevalence data; adjustment could not be performed for the second round due to the low number of negative cases (n = 12).



Next, we analysed the seroprevalence according to the time elapsed since the last dose of vaccine. First, using Kaplan–Meier survival analysis, we explored the evolution of seronegative participants across time based on the number of doses administrated. The probability of losing seropositivity is 50% after 300 days since last vaccine for individuals with one dose or full baseline. On the other hand, individuals with at least one booster experience a marginal loss of seropositive starting 200 days after the last vaccine administrated (Figure 2).



In the second round, 98.9% of participants with the complete basal scheme had antibodies against SARS-CoV-2 at 180 or more days since their last dose of vaccine. However, in the third round (April–May 2022), the seropositivity among participants who did not receive any booster after the full baseline scheme dropped to 75%. In the third round, 98.4% of participants who received the complete basal regimen plus one booster was seropositive after 180 days or more. In contrast, 100% of the participants who received two boosters (at least 15 to 179 days ago, respectively) were seropositive. All participants who received the basal scheme plus two boosters had antibodies against SARS-CoV-2, regardless of the time since their last dose (Table 3 and Figure 3).



Figure 3 presents the seropositivity rates of the participants in the third round of the study according to the doses of vaccine received between the second and the third rounds (Figure 3). The unvaccinated participants had a seropositivity rate of 83%. However, 100% of the participants who received one or two doses were seropositive, regardless of the average number of days since their last vaccine was administered. A similar scenario was observed in participants who had received the full basal scheme or the full basal scheme plus one booster. In these groups, the addition of one or two boosters increased the rate of seropositivity from 75% to 100% and 98.3% to 100%, respectively. In summary, regardless of vaccination status in the second round, the administration of one or two more doses between the second and third rounds resulted in 100% seropositivity.



Overall, 92.2% of participants were seronegative, seropositive, and seropositive for SARS-CoV-2 antibodies in rounds 1, 2, and 3, respectively (Table 4). In general, high seropositivity was observed in the second and third rounds for schemes that had one or two boosters. Nonetheless, two participants who received a basal scheme of CoronaVac were seronegative in the second round; these individuals had an average of 75 days since their last dose of vaccine but converted to seropositive after receiving the AstraZeneca booster. The lowest rate of seropositivity in the three rounds was observed for the group who received the full basal scheme with CoronaVac (63.2%) in the third round; 88.5% of this group were seronegative, exceeding 210 days since their last dose. A similar scenario was observed for one participant who received the complete baseline regimen with AstraZeneca; this patient was seronegative in the third round with a time elapsed since their last vaccine of more than 300 days.



One participant was seronegative in the third round, even though he/she received a complete basal scheme and a Pfizer booster. This participant did not receive boosters between the second and third rounds of this study, with 190 days from their last vaccination in the third round; this individual reported chronic kidney disease and obesity and had no diagnosis of COVID-19 during follow-up.





4. Discussion


The purpose of this study was to establish the progression of humoral immunity against the SARS-CoV-2 virus and to evaluate the effective coverage of the vaccination program among the residents of the urban areas of two Chilean cities after two years of the pandemic and the implementation of a wide vaccination campaign. We observed a high seroprevalence of antibodies against SARS-CoV-2 among the participants in the last round of this three-round study, which was mainly due to the wide coverage of vaccination campaigns based on heterologous technology in Chile. Administration of one or two booster doses of any vaccine between the second and third rounds of the study always resulted in 100% seropositivity, regardless of vaccine status in the second round. These results are consistent with the high vaccination rate in the country [31].



No other seroprevalence studies of a population-based cohort have reported the presence of SARS-CoV-2 antibodies annually; this study assessed the rates of seropositivity due to natural infection in the initial year of the pandemic and subsequently in the first and second years of the vaccination campaign. During the first phase of this study (September–November 2020), our research group verified that the risk of infection was related to social determinants of health [5]; these findings were confirmed by Mena et al. [32] and confirmed by de Oliveira et al., in Mato Grosso, Brazil [33]. However, this social disparity was mitigated by the deployment of the vaccination campaigns, which achieved high coverage in a short period of time, as demonstrated by the high prevalence of serum antibodies in both the second and third rounds of this study. This advanced vaccination coverage occurred thanks to the organization of primary healthcare in Chile. The national immunization program in Chile has universal coverage and reaches the population through family health centres and rural health posts under municipal administration. For the vaccination campaign against SARS-CoV-2, a mass communication campaign was carried out, and vaccination centres were set up in schools, sports centres, squares, or other places that could receive the population on a massive scale. Additional health personnel were temporarily hired for the vaccination program and cold-chain resources were reinforced. Similarly, Bastos et al. reported that vaccination programs in primary care allowed the most vulnerable municipalities to be protected in Brazil [34].



In our study, the proportion of the population vaccinated with the complete basal scheme in November 2021 was 83%, that is higher than that reported in other investigations. Moreover, the proportions of the population with SARS-CoV-2 antibodies in the second and third rounds of our research were higher than reported anywhere else (96.8% and 98.7%, respectively). In a convenience sample in the USA in February 2022, 81.3% of participants had antibodies due to infection [35] and in a study of blood donors reported a combined seroprevalence (induced by infections or vaccine) of 94.7% (95% CI, 94.5%–94.9%) in December 2021 [10]. In the UK, Hall et al. that found 27% of health workers had antibodies due to natural infection and that the seroprevalence rate due to vaccination for this group increased to 95% by the end of 2021 [26]. In Navarra (Spain), Castilla et al. reported a 92.7% seroprevalence rate of IgG anti-S (most probably due to vaccination) and 58.9% seroprevalence of IgG anti-N (most probably due to infection) in May 2022 [36].



Unvaccinated participants had a seroprevalence of 46.2% in the second round and 85.7% in the last round, which reflects the progression of the pandemic. One study reported a seroprevalence of 32% in unvaccinated people in Germany in July 2021 [25], while a rate of 58.9% was observed in Navarra, Spain, in May 2022 [36]. Although the number of unvaccinated participants in our study was quite low (n = 13 in the second round and n = 6 in the third round), this may reflect the low proportion of people who were infected over the first two years of the pandemic. If we consider the number of officially reported new cases of COVID-19, the cumulative incidence of infections was 10.8% at the time of the second round and 19.7% at the time of the third round (reported rates of 10,782 and 19,751 per 100,000 inhabitants, respectively) [37,38]. The first round of this seroprevalence study indicates that the actual prevalence of infections was 3 to 4 times higher, probably given the proportion of asymptomatic cases and people who did not seek healthcare [5]. Thus, the seroprevalence rate is 4.2–4.3 times higher than the reported cumulative incidence of infection. Similar figures were reported by a study carried out in Germany [25], which estimated that the relationship between seroprevalence and cases reported by surveillance varied over time and among districts, by a factor of between 2.2 and 5.1 at the end of 2020 and, subsequently, by between 1.3 and 2.9 in June 2021.



Despite assessing a small cohort, one strength of this study is that we detected the prevalence of antibodies in participants who received different vaccination schemes and counted the days since their last dose. Thus, we conclude that the lowest seroprevalence was achieved among participants who were vaccinated with the two doses of the complete basal scheme (without a booster) and whose average period since the last dose was over 8 months. This result agrees with Sendi et al. [39], who observed a decrease in antibody titres 150–200 days since the second dose of vaccine in Switzerland and emphasizes the need for booster doses to strengthen immunity. In the UK, Hall et al. found that antibody titres varied depending on the type of vaccine received and the time elapsed since the last dose [26]. The same authors also showed that the immunity acquired after infection was increased by at least one dose of vaccine, although the follow-up only lasted for up to 18 months. This finding becomes more important in the presence of new variants that could escape the immunity provided by infection or vaccines produced with the original strain of the SARS-CoV-2 virus [40,41]. Additionally, among the participants in our study who received the baseline regimen, 16% of the seropositive individuals in the second round who received Sinovac’s CoronaVac and the single dose of AstraZeneca were seronegative in the third round, whereas all individuals who received a Pfizer booster vaccine remained seropositive. These results are in line with the report by Sauré et al. [18], who observed a decrease in seropositivity over time in people from Chile who received the CoronaVac vaccine but not in those who received the Pfizer vaccine.



The findings of this investigation have some limitations. Firstly, about 40% of the initial sample from 2020 participated in all three rounds of measurement of SARS-CoV-2 antibodies. However, the rate of loss to follow-up was within the range expected for this type of study [21,26,27], and, assuming that the loss is random, this issue would not affect the representativeness of the sample. In fact, the sample size is adequate for statistical power and the biodemographic characteristics of the original sample were maintained among those who continued across all three rounds [5,11]. Secondly, our study does not differentiate between SARS-CoV-2 antibodies generated as a result of infection and vaccination. It is highly recommended that future seroprevalence studies include measurements of both anti-S and anti-N antibodies in order to separately assess whether the type of protection is natural or acquired by vaccination [19], especially in countries with high vaccination coverage, such as Chile. Thirdly, we did not measure neutralizing antibodies; this work is currently being carried out, and the results will be reported later. Finally, it was not possible to carry out a risk analysis based on sociodemographic or clinical variables, since the high prevalence of antibodies (i.e., only five seronegative individuals) made it impossible to perform subgroup comparisons.




5. Conclusions


The world-leading vaccination coverage in Chile enabled the maintenance of high rates of seroprevalence of antibodies against the SARS-CoV-2 virus in the population, regardless of demographic variables and social determinants of health. The seroprevalence was very low in the first round. The progression of the pandemic was evidenced by the increase in seropositivity from 46.2% in the second round to 85.7% in the third round among the few unvaccinated participants. Moreover, this study also demonstrates the importance of vaccination boosters to maintain immunity over time, which also depends on the type of vaccine previously administered.







Author Contributions


Considering credit taxonomy, conceptualization, M.R.-S., L.N.-F., X.A., C.G. and P.V.; methodology, M.R.-S., X.A., P.R., L.C. and C.V.; software, P.R., L.C. and G.I.; validation, P.R., L.C., G.I., K.O., L.J.C., J.H. and L.N.-F.; formal analysis, P.R., M.A. and L.C.; investigation, L.N.-F., C.G., R.Q.-G., K.O., M.S., C.V. and L.J.C.; resources, M.R.-S., X.A., L.N.-F. and P.V.; data curation, P.R., G.I., L.C. and M.A.; writing—original draft preparation, M.R.-S. and L.N.-F.; writing—review and editing, M.R.-S., L.N.-F., M.A., C.V. and P.R.; visualisation, M.R.-S., L.N.-F., X.A., L.J.C. and J.H.; supervision, M.R.-S., L.N.-F., M.S., R.Q.-G., K.O. and C.V.; project administration, M.R.-S., X.A. and L.N-F.; funding acquisition, M.R.-S. and X.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Chilean National Research Agency, Grants code COVID-19-0589, FONIS SA21I0009 and FONDECYT 1201240. The research has been supported by WHO Unity Studies, a global sero-epidemiological standardization initiative, with funding to WHO by the COVID-19 Solidarity Response Fund and the German Federal Ministry of Health (BMG) COVID-19 Research and Development Fund.




Institutional Review Board Statement


This research was approved by the Ethics Committees of the Universidad de Talca and the Facultad de Medicina of the Universidad Católica del Norte in all the three phases. First round statement numbers 34-2020 and 21-2020; second round, 38-2021 and 34-2021; and third round statement numbers 50-2021 and 38-2021, respectively.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study, including informed assent and the consent of guardians in the case of minors.




Data Availability Statement


Not applicable.




Acknowledgments


The authors acknowledge the WHO for donating the tests to measure SARS-CoV-2 antibodies used in the second round.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



World Health Organization. WHO Coronavirus Dashboard. WHO Web Page COVID-19 Data. Available online: https://covid19.who.int/ (accessed on 19 October 2022).

	



Metcalf, C.J.E.; Farrar, J.; Cutts, P.F.T.; Basta, N.; Graham, A.; Lessler, J.; Ferguson, N.; Burke and, D.; Grenfell, B. Use of serological surveys to generate key insights into the changing global landscape of infectious disease. Lancet 2016, 388, 728–730. [Google Scholar] [CrossRef]

	



Marín, N.C. Estudios seroepidemiológicos. Rev. Esp. Salud Pública 2009, 83, 607–610. [Google Scholar] [CrossRef] [PubMed]

	



Mayne, E.S.; Scott, L.; Semete, B.; Julsing, A.; Jugwanth, S.; Mampeule, N.; David, A.; Gededzha, M.P.; Goga, A.; Hardie, D.; et al. The role of serological testing in the SARS-CoV-2 outbreak. S. Afr. Med. J. 2020, 110, 842–845. [Google Scholar] [CrossRef]

	



Vial, P.; González, C.; Icaza, G.; Ramírez-Santana, M.; Quezada-Gaete, R.; Núñez-Franz, L.; Apablaza, M.; Vial, C.; Rubilar, P.; Correa, J.; et al. Seroprevalence, spatial distribution, and social determinants of SARS-CoV-2 in three urban centers of Chile. BMC Infect. Dis. 2022, 22, 99. [Google Scholar] [CrossRef]

	



Van Riel, D.; de Wit, E. Next-generation vaccine platforms for COVID-19. Nat. Mater. 2020, 19, 810–812. [Google Scholar] [CrossRef] [PubMed]

	



Johnson & Johnson. COVID-19 Vaccine, Viral Vector-Janssen (Investigational). Medscape. Available online: https://reference.medscape.com/drug/ad26cov2s-johnson-johnson-covid-19-vaccine-viral-vector-janssen-4000143?&src=WNL_infoc_210304_MSCPEDIT_J&J&uac=&spon=3&impID=2947343&faf=1#0 (accessed on 1 March 2021).

	



Hodgson, S.H.; Mansatta, K.; Mallett, G.; Harris, V.; Emary, K.; Pollard, P. What defines an efficacious COVID-19 vaccine? A review of the challenges assessing the clinical efficacy of vaccines against SARS-CoV-2. Lancet Infect. Dis. 2021, 21, e26–e35. [Google Scholar] [CrossRef] [PubMed]

	



Pellini, R.; Venuti, A.; Pimpinelli, F.; Abril, E.; Blandino, G.; Campo, F.; Conti, L.; De Virgilio, A.; De Marco, F.; Di Domenico, E.; et al. Obesity may hamper SARS-CoV-2 vaccine immunogenicity strategies for COVID-19. medRxiv 2021. [Google Scholar] [CrossRef]

	



Busch, M.P.; Stramer, S.L.; Stone, M.; Yu, E.A.; Grebe, E.; Notari, E.; Saa, P.; Ferg, R.; Molina, I.; Weil, N.; et al. Population-weighted seroprevalence from SARS-CoV-2 infection, vaccination, and hybrid immunity among U.S. blood donations from January–December 2021. Clin. Infect. Dis. 2022, 75, S254–S263. [Google Scholar] [CrossRef]

	



Aguilera, X.; González, C.; Apablaza, M.; Rubilar, P.; Icaza, G.; Ramírez-Santana, M.; Pérez, C.; Cortés, L.J.; Núñez Franz, L.; Quezada-Gaete, R.; et al. Immunization and SARS-CoV-2 Antibody Seroprevalence in a Country with High Vaccination Coverage: Lessons from Chile. Vaccines 2022, 10, 1002. [Google Scholar] [CrossRef]

	



Aguilera, X.; Hormazábal, J.; Vial, C.; Cortés, L.J.; González, C.; Rubilar, P.; Apablaza, M.; Ramírez-Santana, M.; Icaza, G.; Núñez-Franz, L.; et al. SARS-CoV-2 Neutralizing Antibodies in Chile after a Vaccination Campaign with five Different Shemes. Vaccines 2022, 10, 1051. [Google Scholar] [CrossRef]

	



Carlo, A.D.; Caputo, S.L.; Paolillo, C.; Rosa, A.M.; Dórsi, U.; De Palma, M.; Reveglia, P.; Lacedonia, D.; Cinella, G.; Fioshino, P.P.; et al. SARS-CoV-2 serological profile in healthcare professionals of a Southern Italy hospital. Int. J. Environ. Res. Public Health 2020, 17, 9324. [Google Scholar] [CrossRef] [PubMed]

	



Wiggen, T.D.; Bohn, B.; Ulrich, A.K.; Stovitz, S.; Strickland, A.J.; Naumchik, B.M.; Walsh, S.; Smith, S.; Braumgartner, B.; Kline, S.; et al. SARS-CoV-2 seroprevalence among healthcare workers. PLoS ONE 2022, e0266410. [Google Scholar] [CrossRef] [PubMed]

	



Ebinger, J.E.; Botwin, G.J.; Albert, C.M.; Alotaibi, M.; Arditi, M.; Berg, A.H.; Botting, P.; Fert-Bober, J.; Figuereido, J.C.; Grein, J.D.; et al. Seroprevalence of antibodies to SARS-CoV-2 in healthcare workers: A cross-sectional study. BMJ Open 2021, 11, e043584. [Google Scholar] [CrossRef] [PubMed]

	



Pollán, M.; Pérez-Gómez, B.; Pastor-Barriuso, R.; Oteo, J.; Hernán, M.A.; Pérz-Olmeda, M.; Sanmartín, J.L.; Fernández-García, A.; Cruz, I.; Fernández de Larrea, N.; et al. Prevalence of SARS-CoV-2 in Spain (ENE-COVID): A nationwide, population-based seroepidemiological study. Lancet 2020, 396, 535–544. [Google Scholar] [CrossRef] [PubMed]

	



Figueiredo-Campos, P.; Blankenhaus, B.; Mota, C.; Gomez, A.; Serrano, M.; Ariotti, S.; Costo, C.; Nunez-Cabaco, H.; Mendez, A.M.; Gaspar, P.; et al. Seroprevalence of anti-SARS-CoV-2 antibodies in COVID-19 patients and healthy volunteers up to 6 months post disease onset. Eur. J. Immunol. 2020, 50, 2025–2040. [Google Scholar] [CrossRef]

	



Sauré, D.; O’Ryan, M.; Torres, J.P.; Zuñiga, M.; Santelices, E.; Basso, L.J. Dynamic IgG seropositivity after rollout of CoronaVac and BNT162b2 COVID-19 vaccines in Chile: A sentinel surveillance study. Lancet Infect. Dis. 2022, 22, 56–63. [Google Scholar] [CrossRef]

	



Duarte, N.; Yanes-Lane, M.; Arora, R.K.; Brobovitz, N.; Liu, M.; Bego, M.G.; Yan, T.; Cao, C.; Gurry, C.; Hankins, C.A.; et al. Adapting Serosurveys for the SARS-CoV-2 Vaccine Era. Open Forum Infect. Dis. 2022. [Google Scholar] [CrossRef]

	



Bellizzi, S.; Alsawalha, L.; Sheikh Ali, S.; Sharkas, G.; Muthu, N.; Ghazo, M.; Aly, E.; Rashidian, A.; Al Ariqi, L.; Hayajneh, W.; et al. A three-phase population based sero-epidemiological study: Assessing the trend in prevalence of SARS-CoV-2 during COVID-19 pandemic in Jordan. One Health 2021. [Google Scholar] [CrossRef]

	



Nisar, M.I.; Ansari, N.; Khalid, F.; Amina, M.; Shahbaza, H.; Hotwania, A.; Rehmana, N.; Pughb, S.; Mehmooda, U.; Rizvi, A.; et al. Serial population-based serosurveys for COVID-19 in two neighbourhoods of Karachi, Pakistan. Int. J. Infect. Dis. 2021, 106, 176–182. [Google Scholar] [CrossRef]

	



Poljak, M.; Oštrbenk Valenčak, A.; Štrumbelj, E.; Maver Vodičar, P.; Vehovar, V.; Resman Rus, K.; Korva, M.; Knap, N.; Seme, K.; Petrovec, M.; et al. Seroprevalence of severe acute respiratory syndrome coronavirus 2 in Slovenia: Results of two rounds of a nationwide population study on a probability-based sample, challenges and lessons learned. Clin. Microbiol. Infec. 2021, 27, 1039.e1–1039.e7. [Google Scholar] [CrossRef]

	



Grant, R.; Dub, T.; Andrianou, X.; Nohynek, H.; Wilder-Smith, A.; Pezzotti, P.; Fontanet, A. SARS-CoV-2 population-based seroprevalence studies in Europe: A scoping review. BMJ Open 2021. [Google Scholar] [CrossRef]

	



Nair, D.; Raju, R.; Roy, S.; Shailendra, D.; Girish, C.P.; Yuvaraj, J.; Boopathi, K.; Rahul, S.; Kumar, A.N.; Winsley, R.; et al. Sero-Surveillance to Monitor the Trend of SARS-CoV-2 Infection Transmission in India: Study Protocol for a Multi-Site, Community Based Longitudinal Cohort Study. Front. Public Health 2022. [Google Scholar] [CrossRef] [PubMed]

	



Gornyk, D.; Harries, M.; Glöckner, S.; Strengert, M.; Kerrinnes, T.; Heise, J.K.; Maaß, H.; Ortmann, J.; Kessel, B.; Kemmling, Y.; et al. SARS-CoV-2 Seroprevalence in Germany. Dtsch. Arztebl. Int. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Hall, V.; Foulkes, S.; Insalata, F.; Kirwan, P.; Saei, A.; Atti, A.; Wellington, E.; Khawam, J.; Munro, K.; Cole, M.; et al. Protection against SARS-CoV-2 after Covid-19 Vaccination and Previous Infection. N. Engl. J. Med. 2022, 386, 1207–1220. [Google Scholar] [CrossRef]

	



Gebrecherkos, T.; Kiros, Y.K.; Challa, F.; Abdella, S.; Gebreegzabher, A.; Leta, D.; Desta, A.; Hailu, A.; Tasew, G.; Abdulkader, M.; et al. Longitudinal profile of antibody response to SARS-CoV-2 in patients with COVID-19 in a setting from Sub-Saharan Africa: A prospective longitudional study. PLoS ONE 2022, 17, e0263627. [Google Scholar] [CrossRef]

	



Rey-Jurado, E.; Espinosa, Y.; Astudillo, C.; Cortés, L.J.; Hormazabal, J.; Noguera, L.P.; Cofré, F.; Piñera, C.; González, R.; Bataszew, A.; et al. Deep immunophenotyping reveals biomarkers of multisystemic inflammatory syndrome in children in a Latin American cohort. J. Allergy Clin. Immunol. 2022, 150, 1074–1085.e11. [Google Scholar] [CrossRef]

	



Rogan, W.J.; Gladen, B. Estimating prevalence from the results of a screening test. Am. J. Epidemiol. 1978, 107, 71–76. [Google Scholar] [CrossRef]

	



Sergeant. Epitools Epidemiological Calculators. Sergeant, ESG. Available online: https://epitools.ausvet.com.au/trueprevalence (accessed on 12 December 2022).

	



Mathieu, E.; Ritchie, H.; Rodés-Guirao, L.; Giattino, C.h.; Hasell, J.; Macdonald, B.; Dattani, S.; Beltekian, D.; Ortiz-Ospina, E.; Roser, M. Available online: https://ourworldindata.org/covid-vaccinations (accessed on 19 October 2022).

	



Mena, G.E.; Martinez, P.P.; Mahmud, A.S.; Marquet, P.A.; Buckee, C.O.; Santillana, M. Socioeconomic status determines COVID-19 incidence and related mortality in Santiago, Chile. Science 2021, 372, eabg5298. [Google Scholar] [CrossRef]

	



De Oliveira, E.C.; Terças-Trettel, A.C.P.; de Andrade, A.C.S.; Muraro, A.P.; Santos, E.S.D.; Espinosa, M.M.; Musis, C.R. Prevalence of SARS-CoV-2 antibodies in the State of Mato Grosso, Brazil: A population-based survey. Cad. Saude Publica 2022. [Google Scholar] [CrossRef] [PubMed]

	



Bastos, L.S.L.; Aguilar, S.; Rache, B.; Macaira, P.; Baiao, F.; Cerbino-Neto, J.; Rocha, R.; Hamacher, S.; Ranzani, O.T.; Bozza, F.A. Primary healthcare protects vulnerable populations from inequity in COVID-19 vaccination: An ecological analysis of nationwide data from Brazil. Lancet Reg. Health Am. 2022, 14, 100335. [Google Scholar] [CrossRef]

	



Clarke, K.E.N.; Jones, J.M.; Deng, Y.; Nycz, E.; Lee, A.; Iachan, R.; Gundlapalli, A.V.; Hall, A.J.; MacNeil, A. Morbidity and Mortality Weekly Report Seroprevalence of Infection-Induced SARS-CoV-2 Antibodies-United States, September 2021–February 2022. MMWR Morb. Mortal Wkly. Rep. 2022, 71, 606–608. [Google Scholar] [CrossRef] [PubMed]

	



Castilla, J.; Lecea, Ó.; Salas, C.M.; Quílez, D.; Miqueleiz, A.; Trobajo-Sanmartín, C.; Navascués, A.; Martínez-Baz, I.; Casado, I.; Burgui, C.; et al. Seroprevalence of antibodies against SARS-CoV-2 and risk of COVID-19 in Navarre, Spain, May to July 2022. Eurosurveillance 2022, 27, 2200619. [Google Scholar] [CrossRef]

	



Departamento de Epidemiología. INFORME EPIDEMIOLÓGICO No161 ENFERMEDAD POR SARS-CoV-2. Santiago de Chile. Available online: https://www.minsal.cl/nuevo-coronavirus-2019-ncov/informe-epidemiologico-covid-19/ (accessed on 27 November 2022).

	



Departamento de Epidemiología. INFORME EPIDEMIOLÓGICO No184 ENFERMEDAD POR SARS-CoV-2 (COVID-19) CHILE. Santiago de Chile. Available online: https://www.minsal.cl/nuevo-coronavirus-2019-ncov/informe-epidemiologico-covid-19/ (accessed on 27 November 2022).

	



Sendi, P.; Thierstein, M.; Widmer, N.; Babongo Bosombo, F.; Büchi, A.E.; Güntensperger, D.; Blum, M.R.; Baldan, R.; Tinguely, C.; Gahl, B.; et al. Serosurveillance after a COVID-19 vaccine campaign in a Swiss police cohort. Immun. Inflamm. Dis. 2022, 10, e640. [Google Scholar] [CrossRef] [PubMed]

	



Xia, H.; Zou, J.; Kurhade, C.; Yang, Q.; Cutler, M.; Cooper, D.; Muik, A.; Jansen, K.U.; Xie, X.; Swanson, K.A.; et al. Neutralization and durability of 2 or 3 doses of the BNT162b2 vaccine against Omicron SARS-CoV-2. Cell Host Microbe 2022, 30, 485–488.e3. [Google Scholar] [CrossRef] [PubMed]

	



Pilz, S.; Theiler-Schwetz, V.; Trummer, C.; Krause, R.; Ioannidis, J.P.A. SARS-CoV-2 reinfections: Overview of efficacy and duration of natural and hybrid immunity. Environ. Res. 2022. [Google Scholar] [CrossRef]








[image: Viruses 15 00201 g001 550] 





Figure 1. Scheme of the incorporation, loss and follow-up of the participants in the three rounds of the 2020–2022 seroprevalence study. 
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Figure 2. Kaplan–Meyer analysis shows probability of antibody loss over time, measured in days, depending on the dose of vaccine received. 
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Figure 3. Seroprevalence rates in participants who did not receive another vaccine during the period and participants who received one (or two) additional doses during the period between rounds 2 and 3, respectively, according to second-round vaccination status and mean number of days since the last dose. 
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Table 1. Description of the characteristics of the participants in the three rounds of the seroprevalence study in two Chilean cities, 2020–2022.
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	Variable
	Categories
	n
	%





	City
	Coquimbo-La Serena
	184
	47.7



	
	Talca
	202
	52.3



	Sex
	Male
	126
	32.6



	(n = 386)
	Female
	260
	67.4



	Age at the third round
	Under 10
	4
	1.0



	(n = 386)
	10–19
	36
	9.3



	
	20–29
	41
	10.6



	
	30–39
	39
	10.1



	
	40–49
	65
	16.8



	
	50–59
	74
	19.2



	
	60–69
	66
	17.1



	
	70 and over
	61
	15.8



	Nationality
	Chilean
	384
	99.5



	(n = 386)
	Foreign
	2
	0.5



	Native Chilean ethnicity
	No
	360
	93.3



	(n = 386)
	Yes
	26
	6.7



	Education

(n = 386)
	Primary education or no formal education
	68
	17.6



	
	Secondary education
	206
	53.4



	
	High-level technical
	34
	8.8



	
	Professional
	78
	20.2



	Education for participants over 18 years old
	Primary education or no formal education
	52
	14.8



	(n = 351)
	Secondary education
	187
	53.3



	
	High-level technical
	34
	9.7



	
	Professional
	78
	22.2



	Healthcare prevision
	Social security (FONASA)
	313
	85.8



	(n = 365)
	Private
	52
	14.3



	Face-to-face work
	No
	155
	44.8



	(n = 346)
	Yes
	191
	55.2



	Health worker
	No
	179
	93.7



	(n = 191)
	Yes
	12
	6.3



	Upper respiratory episodes
	No
	209
	54.2



	(n = 386)
	Yes
	177
	45.9



	Number of upper respiratory episodes
	1 episode
	84
	47.5



	(n = 177)
	2 or more episodes
	93
	52.5



	COVID-19 diagnosis
	No
	298
	77.2



	(n = 386)
	Yes
	88
	22.8



	Number of COVID-19 diagnoses
	Once
	86
	97.3



	(n = 88)
	Twice
	2
	2.3



	Symptomatology
	None
	211
	54.7



	(n = 386)
	Yes
	175
	45.3



	Nutritional status (body
	Underweight
	18
	5.0



	mass index)
	Normal
	95
	26.5



	(n = 359)
	Overweight
	135
	37.6



	
	Obese
	111
	30.9



	Comorbidities
	No
	153
	39.6



	(n = 386)
	Yes
	233
	60.4



	Tobacco smoker
	No
	283
	73.3



	(n = 386)
	Yes
	103
	26.7



	Vaccinated
	No
	6
	1.6



	(n = 386)
	Yes
	380
	98.5



	Vaccine doses
	No
	6
	1.6



	(n = 386)
	1 dose
	1
	0.3



	
	2 doses or full baseline
	27
	7.0



	
	Baseline + 1 booster
	213
	55.2



	
	Baseline + 2 booster
	139
	36



	Vaccine scheme
	S
	1
	0.2



	(n = 380)
	P-P
	7
	1.8



	
	S-S
	19
	5.0



	
	Another baseline
	1
	0.3



	
	P-P-P
	93
	24.5



	
	S-S-P
	82
	21.6



	
	S-S-A
	20
	5.3



	
	Another baseline and 1 booster
	18
	4.8



	
	P-P-P-P
	15
	4.0



	
	P-P-P-M
	10
	2.6



	
	S-S-P-P
	35
	9.2



	
	S-S-A-P
	58
	15.0



	
	Another baseline and 2 boosters
	21
	5.5







S = Sinovac/CoronaVac; P = Pfizer; A = AstraZeneca; M = Moderna.
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Table 2. Seroprevalence rates according to variables of interest in the participants in the three rounds.
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Variable

	
Categories

(n of Participants)

	
Round 1

	
Round 2

	
Round 3




	
September–November 2020

	
October–November 2021

	
April–May 2022




	
n

	
%

	
n

	
%

	
n

	
%






	
Global seroprevalence

	
(n = 386)

	
14

	
3.6

	
374

	
96.9

	
381

	
98.7




	
Global seroprevalence adjusted for test characteristics *

	
(n = 386)

	
14

	
3.7

	
374

	
-

	
381

	
98.7




	
Urban centre

	
Coquimbo—La Serena (n = 184)

	
9

	
4.9

	
174

	
94.6

	
183

	
99.5




	

	
Talca (n = 202)

	
5

	
2.5

	
200

	
99.0

	
198

	
98.0




	
One COVID-19 infection

	
(n = 386)

	
8

	
47.1

	
34

	
100

	
87

	
98.9




	
Age

	
Under 10-years-old (n = 4)

	
0

	
0

	
2

	
50

	
4

	
100




	

	
10–19 y. (n = 36)

	
0

	
0

	
33

	
91.7

	
36

	
100




	

	
20–29 y. (n = 41)

	
1

	
2.5

	
41

	
100

	
40

	
97.6




	

	
30–39 y. (n = 39)

	
1

	
2.6

	
39

	
100

	
38

	
97.4




	

	
40–49 y. (n = 65)

	
5

	
7.7

	
63

	
96.9

	
65

	
100




	

	
50–59 y. (n = 74)

	
3

	
4.1

	
73

	
98.7

	
74

	
100




	

	
60–69 y. (n = 66)

	
4

	
6.1

	
64

	
97

	
66

	
100




	

	
70 and over (n = 61)

	
0

	
0

	
59

	
96.7

	
58

	
95.1




	
Sex

	
Male (n = 126)

	
5

	
4.0

	
123

	
97.6

	
125

	
99.2




	

	
Female (260)

	
9

	
3.5

	
251

	
96.5

	
256

	
98.5




	
Education among participants aged 18 years or older

	
Primary or no formal education (n = 52)

	
0

	
0

	
51

	
98.1

	
50

	
96.2




	
High school (n = 187)

	
7

	
3.7

	
182

	
97.3

	
186

	
99.5




	
Technical education (n = 34)

	
3

	
8.8

	
34

	
100

	
33

	
97.1




	
Professional (n = 78)

	
4

	
5.1

	
77

	
98.7

	
77

	
98.7




	
Ethnic minority

	
Yes (n = 26)

	
2

	
7.7

	
26

	
100

	
26

	
100




	
Comorbidities

	
Yes (n = 233)

	
9

	
3.9

	
228

	
97.9

	
230

	
98.7




	
Vaccination scheme

	
No vaccine

	
-

	
-

	
6

	
46.2

	
5

	
83.3




	

	
1 dose

	
-

	
-

	
7

	
77.8

	
1

	
100




	

	
Full baseline

	
-

	
-

	
180

	
98.9

	
24

	
88.9




	

	
Baseline + 1 booster

	
-

	
-

	
181

	
99.5

	
212

	
99.5




	

	
Baseline + 2 booster

	
-

	
-

	
-

	
-

	
139

	
100








* First round: sensitivity = 99% and specificity = 100%; second round: sensitivity = 96.7 and specificity = 97.5%; third round: sensitivity = 100% and specificity = 99%.
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Table 3. Doses of vaccines administered stratified by the time elapsed since last SARS-CoV-2 vaccine.
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Round 2 (October–November 2021)

	
Round 3 (April–May 2022)




	
Vaccination Scheme

	
Time between Last Vaccine and Sample Collection According to Round

	
N (%) Samples

	
Seropositive (n)

	
%

	
N (%) Samples

	
Seropositive (n)

	
%






	
Not vaccinated

	
13 (3.4%)

	
6

	
46.2

	
6 (1.6%)

	
5

	
83.3




	
1 dose

	
9 (2.3%)

	
7

	
77.8

	
1 (0.3%)

	
1

	
100




	

	
Less than 15 days

	
4

	
2

	
50

	
-

	
-

	
-




	

	
15 to 179 days

	
5

	
5

	
100

	
1

	
1

	
100




	

	
180 days and more

	
-

	
-

	
-

	
-

	
-

	
-




	
Full baseline

	
182 (47.2%)

	
180

	
98.9

	
26 (6.7%)

	
23

	
88.5




	

	
Less than 15 days

	
3

	
3

	
100

	

	

	




	

	
15 to 179 days

	
131

	
129

	
98.5

	
14

	
14

	
100




	

	
180 days and more

	
48

	
48

	
100

	
12

	
9

	
75




	
Baseline + 1 booster

	
182 (47.2%)

	
181

	
99.5

	
213 (55.2%)

	
212

	
99.5




	

	
Less than 15 days

	
37

	
37

	
100

	
4

	
4

	
100




	

	
15 to 179 days

	
145

	
144

	
99.3

	
147

	
147

	
100




	

	
180 days and more

	
-

	
-

	
-

	
62

	
61

	
98.4




	
Baseline + 2 boosters

	
-

	
-

	
-

	
139 (36.0%)

	
139

	
100




	

	
Less than 15 days

	
-

	
-

	
-

	
42

	
42

	
100




	

	
15 to 179 days

	
-

	
-

	
-

	
96

	
96

	
100




	

	
180 days and more

	
-

	
-

	
-

	
1

	
1

	
100
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Table 4. SARS-CoV-2 antibody seroprevalence rates in each round of follow-up and average number of days between administration of the last vaccine and sample collection in each round.
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	Scheme (n)
	N–P–P (%)
	Average Days (Delta Round 2–Delta Round 3)
	P–P–P (%)
	Average Days (Delta Round 2–Delta Round 3)
	N–P–N (%)
	Average Days (Delta Round 2–Delta Round 3)
	N–N–P (%)
	Average Days (Delta Round 2–Delta Round 3)
	N–N–N (%)





	No vaccine (6)
	3 (50)
	-
	-
	-
	-
	-
	2 (33.3)
	-
	1 (16.6)



	Corona Vac (1)
	1 (100)
	(NV-179)
	-
	-
	-
	-
	-
	-
	-



	Pfizer-Pfizer (7)
	6 (85.7)
	(42.8–215.3)
	-
	-
	-
	-
	1 (14.3)
	(NV-44)
	-



	Corona Vac–Corona Vac (19)
	12 (63.2)
	(67.5–209.9)
	-
	-
	2 (10.5)
	(52.5–224)
	5 (26.3)
	(4.5–122)
	-



	AstraZeneca–AstraZeneca (1)
	-
	-
	-
	-
	1 (100)
	(130–303)
	-
	-
	-



	Pfizer–Pfizer–Pfizer (93)
	89 (95.7)
	(120.5–143.7)
	3 (3.2)
	(125.7–131)
	1 (1.1)
	(19–190)
	-
	-
	-



	Corona Vac–Corona Vac–Pfizer (82)
	78 (95.1)
	(104.2–156.6)
	2 (2.4)
	(57–166)
	-
	-
	2 (2.4)
	(75–96)
	-



	Corona Vac–Corona Vac–AstraZeneca (20)
	18 (90)
	(56.3–215.3)
	2 (10)
	(30–228)
	-
	-
	-
	-
	-



	Another baseline + 1 booster (18)
	18 (100)
	(108.8–131.8)
	-
	-
	-
	-
	-
	-
	-



	Pfizer–Pfizer–Pfizer–Pfizer (15)
	15 (100)
	(117.1–19.5)
	-
	-
	-
	-
	-
	-
	-



	Pfizer–Pfizer–Pfizer–Moderna (10)
	8 (80)
	(37.8–7.6)
	2 (20)
	(11.5–0)
	-
	-
	-
	-
	-



	Corona Vac–Corona Vac–AstraZeneca–Pfizer (58)
	57 (98.3)
	(67.3–57.1)
	1 (1.7)
	(70–13)
	-
	-
	-
	-
	-



	Corona Vac–Corona Vac–Pfizer–Pfizer (35)
	32 (91.4)
	(55.7–54.6)
	3 (8.6)
	(99.3–25)
	-
	-
	
	-
	-



	Another baseline + 2 booster (21)
	19 (90.5)
	(51.6–39.6)
	1 (4.8)
	(23–15)
	-
	-
	1 (4.8)
	(73–55)
	-







N–P–P = negative–positive–positive (most probably not vaccinated and not infected–recently vaccinated [or infected]–vaccinated or infected and maintained natural immune response); P–P–P = positive–positive–positive (most probably infected and maintained natural immune response or vaccinated–vaccinated or maintained natural immune response); N–P–N = negative–positive–negative (most probably not vaccinated and not infected–vaccinated or infected–loss of antibodies over time); N–N–P = negative–negative–positive (most probably not vaccinated and not infected in first and second rounds–recently vaccinated or infected at third round); N–N–N = negative–negative–negative (most probably never vaccinated and never infected); NV = no vaccine. Delta = (sample collection date-last administered vaccine).
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