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a b s t r a c t 

Background: The long-term humoral immune response after vaccination varies between vaccines and is dependent 

on the accuracy of the antibody test. A better understanding of the vaccine immune response may help to define 

vaccination strategies against coronavirus disease 2019 (COVID-19). 

Objective: To investigate the long-term immunological response to CoronaVac vaccine and determinants of break- 

through COVID-19 infection. 

Methods: A long-term, prospective cohort study involving vaccinated adult and elderly subjects was conducted to 

investigate the presence of anti-RBD-specific immunoglobulin (Ig)G, anti-nucleocapsid IgG and anti-spike trimeric 

protein IgG. Antibody level dynamics and risk factors associated with breakthrough COVID-19 infection were 

investigated. 

Results: In total, 3902 participants were included in this study. Vaccination with two doses of CoronaVac and 

a booster dose increased the levels of anti-RBD-specific IgG, anti-nucleocapsid IgG and anti-spike trimeric IgG 

significantly. In adults, anti-nucleocapsid IgG and anti-spike trimeric IgG levels decreased significantly 7 months 

after the second dose. In adults and the elderly, the levels of anti-spike trimeric IgG and anti-RBD IgG decreased 

significantly 4 and 6 months after the booster dose, respectively. Previous exposure to severe acute respiratory 

syndrome coronavirus-2 (SARS-CoV-2) and anti-spike trimeric IgG titres was independently associated with a 

lower probability of post-vaccination infection. 

Conclusions: A significant increase in antibody levels was found after two doses of CoronaVac and a booster dose. 

Antibody titres declined significantly 7 months post-vaccination in participants who did not receive a booster 

dose. Higher levels of antibodies and previous SARS-CoV-2 infection were associated with protection against 

breakthrough COVID-19. 
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ntroduction 

The coronavirus 2019 (COVID-19) pandemic continues world-

ide [1] . Several vaccines against severe acute respiratory syndrome

oronavirus-2 (SARS-CoV-2) have been developed, with different effi-

acies and antibody response profiles [2] . An inactivated SARS-CoV-

 vaccine (CoronaVac, Sinovac Life Sciences, Beijing, China) has been

vailable in Brazil since September 2021, and is the most commonly

sed vaccine for immunization in older people and healthcare workers

3] . 

In phase I and II trials, CoronaVac induced seroconversion in 97%

f adults and 96.9–100% of elderly subjects [ 4 , 5 ]. Phase III trials found

hat the efficacy of CoronaVac for preventing symptomatic cases, hospi-

alization and COVID-19-related deaths was 50.7%–83.5%, 83.7–87.5%

nd 86.3–100%, respectively [ 6 , 7 ]. In a stepped-wedge randomized

rial, the effectiveness of CoronaVac for preventing symptomatic cases,

OVID-19-related hospitalizations and COVID-19-related deaths was

0.5%, 95% and 94.9%, respectively [8] . 

Although vaccination plays a central role in reducing the severity

f COVID-19, the vaccine response is often less effective in elderly peo-

le, probably due to immunosenescence [ 9 , 10 ]. Lower immunogenic-

ty induced by COVID-19 vaccines has been associated with older age,

mmunocompromise and chronic diseases [ 9 , 11 , 12 ]. The immune re-

ponse may also vary between vaccines and depend on the accuracy of

ntibody testing [ 12 , 13 ]. Assessing vaccine immunogenicity in different

ge groups with sensitive tests is crucial to understand immune response

inetics and determinants. This study aimed to prospectively analyse an-

ibody responses to two doses of CoronaVac, followed or not by a third

booster) dose, in adults and elderly subjects using high-performance

erological tests, and to investigate demographic and clinical determi-

ants of COVID-19. 

ethods 

tudy design and participants 

This study was a prospective, observational cohort study embedded

n a larger project named ‘Project S’ (NCT0474782), a stepped-wedge

luster-randomized trial designed to assess the effectiveness of Coron-

Vac among residents in the urban area of Serrana, São Paulo State,

razil. In Project S, all residents were eligible, and two doses of Coro-

aVac were offered 4 weeks apart to adults aged ≥ 18 years accord-

ng to the location of their homes in a cluster. From February to April

021, 26,891 participants were enrolled, 4493 of whom were aged ≥ 60

ears; this represented 81.3% of the adults and 60.9% of the urban

opulation of Serrana. All participants had blood drawn to assess the

resence of antibodies against SARS-CoV-2 before vaccination [8] . Four

onths after the second dose of CoronaVac, Project S participants were

nvited to join the current observational study. All persons aged ≥ 60

ears were eligible for inclusion; for adults aged 18–59 years, an age-

tratified sample was defined (see online supplementary material). This

tudy was initiated on 4 July 2021, participants were recruited from

 July to 1 August 2021, and data collection was stopped on 22 May

022. 

In September 2021, a booster dose of CoronaVac was recommended

y the National Immunization Program for people aged ≥ 60 years and

ealthcare workers; in November 2021, all adults were considered for

he booster dose. Importantly, the booster dose was taken by the partic-

pants as part of the Brazilian National Immunization Program and not

s a procedure of the current study. 

This study was conducted according to the precepts of the Declara-

ion of Helsinki, and was approved by the Ethics Committee of Hospital

as Clínicas da Faculdade de Medicina de Ribeirão Preto–University of

ão Paulo. All participants provided written informed consent specific

o the current study. 
223 
linical data 

All clinical data were recorded in a clinical interview supervised

y a physician at the time of the first dose of CoronaVac in the main

rial (Project S). The presence of chronic diseases such as hypertension,

sthma, diabetes, obesity, heart disease, kidney disease, liver disease,

mmunosuppression and lung disease was ascertained based on self-

eport. 

rocedures and sample processing 

Participants were vaccinated with two doses of CoronaVac with a 4-

eek interval. Blood samples were collected at five time points: immedi-

tely before vaccination (baseline sample collected on the day of the first

ose of CoronaVac as part of Project S), and 4 (T1, 121.2 ± 8.9 days), 7

T2, 206.9 ± 8.9 days), 10 (T3, 303.9 ± 8.7 days) and 13 (T4, 417.2 ±
.0 days) months after the second dose of CoronaVac. At baseline, an-

ibody titres for receptor binding domain (RBD)-specific immunoglob-

lin (Ig)G (Elecsys Anti-SARS-CoV-2 S) and nucleocapsid IgG (Elecsys

nti-SARS-CoV-2) were quantified to assess the presence of antibodies

gainst SARS-CoV-2 before vaccination. At T1–T4, antibody titres for

BD-specific IgG (Elecsys Anti-SARS-CoV-2 S), spike trimeric protein

gG (LIAISON SARS-CoV-2 TrimericS IgG) and nucleocapsid IgG (Elecsys

nti-SARS-CoV-2) were quantified. Detailed information on serological

esting is provided in the online supplementary material. 

ase definition 

COVID-19 surveillance was based on enhanced public health surveil-

ance systems (e-SUS and SIVEP-Gripe). Participants with one or more

ymptoms (cough, fever, muscle pain, headache, nausea, vomiting, di-

rrhoea, dysgeusia, anosmia, dyspnea, coryza, nasal congestion, sore

hroat or fatigue) for at least 2 days had access to free SARS-CoV-2

everse transcriptase-polymerase chain reaction (RT-PCR) testing, with

esults available the next working day. Confirmed SARS-CoV-2 infection

as defined by a positive RT-PCR result [14] . Patients with confirmed

ARS-CoV-2 infection were followed for 28 days or until hospital dis-

harge or death [14] . Disease severity was classified using the World

ealth Organization clinical progression scale [15] . Confirmed COVID-

9 cases were included from 2 weeks after the second dose for each

atient until June 2022. For participants with more than one episode

f confirmed COVID-19, only the first infection was considered in the

nalysis. 

tatistical analysis 

Immunogenicity was analysed, for each time period and by age

roup, using geometric mean of titres (GMT), geometric mean titre ratio

etween post-vaccination and baseline values (rGMT), seroconversion

ate and seropositivity rate. GMT and rGMT were calculated as anti-

ogarithms of the mean of the log-transformed titre. Ninety-five per-

ent confidence intervals (CI) were calculated as anti-logarithm trans-

ormation of the upper and lower limits for a two-sided CI for the mean

f log-transformed titres. In addition, percentages of seroconversion

nd seropositivity were calculated with their associated 95% CI by the

lopper–Pearson method. Detailed information about the quantification

imit of each test, seroconversion and seropositivity are provided in the

nline supplementary material. 

Comparisons between adults (age 18–59 years) and elderly peo-

le ( ≥ 60 years) were performed for each time point using the Mann–

hitney test for continuous variables and Fisher’s exact test for cate-

orical variables. In addition, as antibody titre data had an asymmetric,

on-normal distribution, paired Wilcoxon test was used to compare con-

inuous variables between time points in each age group. 

Logistic regression models were used to evaluate risk factors associ-

ted with confirmed cases of COVID-19. This analysis was carried out
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Table 1 

Demographic and clinical characteristics by age group. 

Age < 60 years Age ≥ 60 years Total P -value a 

( n = 2247) ( n = 1655) ( n = 3902) 

Sex, n (%) 

Female 1264 (56.2%) 850 (51.4%) 2114 (54.2%) 0.003 

Male 983 (43.7%) 805 (48.6%) 1788 (45.8%) 

Comorbidities, n (%) 

Diabetes 129 (5.7%) 390 (23.6%) 519 (13.3%) < 0.001 

Heart disease 52 (2.3%) 149 (9.0%) 207 (5.3%) < 0.001 

Hypertension 332 (14.8%) 746 (45.6%) 1052 (27.0%) < 0.001 

Other b 240 (10.7%) 280 (16.9%) 520 (13.3%) < 0.001 

At least one 539 (24.0%) 945 (57.1%) 1484 (38.0%) < 0.001 

Previous exposure, n/n total (%) 

Up to baseline 543/2208 (24.6%) 280/1614 (17.3%) 823/3822 (21.5%) < 0.001 

Third dose, n/n total (%) 

Up to T2 67/1598 (4.2%) 1205/1256 (95.9%) 1272/2854 (44.6%) < 0.001 

Up to T3 1166/1207 (96.6%) 970/991 (97.9%) 2136/2198 (97.2%) 0.053 

Up to T4 774/786 (98.5%) 641/644 (99.5%) 1415/1430 (98.9%) 0.066 

T2, 7 months after the second vaccine dose and 1 month after the booster dose in elderly participants; T3, 10 months after the second vaccine dose; T4, 13 months 

after the second vaccine dose. 
a P -value for comparison between age groups. 
b Liver disease, kidney disease, asthma, chronic diseases, obesity, immunosuppression and/or lung disease. 
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n three different periods employing COVID-19 cases for T1–T2, T2–T3

nd T3–T4. For each period, univariable analyses were performed using

ge, gender, presence of at least one chronic disease, diabetes, hyper-

ension, previous exposure to COVID-19, and the last obtained serum

ntibody titre as independent variables. Variables with P ≤ 0.20 on uni-

ariable analysis were selected for multi-variable analysis. Additionally,

nivariable and multi-variable analysis for COVID-19 illness for differ-

nt periods was performed, excluding patients with previous infections

nd patients who developed COVID-19 infection. The final model was

btained with all independent variables with P < 0.05 and the variable

age’ regardless of statistical significance. The results of logistic regres-

ion models are expressed as unadjusted and adjusted odds ratios (OR),

ith respective 95% CI. 

All statistical tests were two-sided, and P < 0.05 was considered to in-

icate statistical significance. Analyses were conducted using R (R Core

eam 2020). 

esults 

articipant characteristics and time-point evaluations 

Participant baseline characteristics are presented in Table 1 . In total,

902 participants (42.4% aged ≥ 60 years) were included 121.2 ± 8.9

ays after their second dose of CoronaVac. The proportion of females

as slightly higher among adults than among elderly people ( P = 0.003).

lderly participants had higher prevalence rates for chronic diseases

e.g. diabetes, heart disease, hypertension), and for reporting at least

ne chronic disease ( P < 0.001). A higher frequency of previous expo-

ure to SARS-CoV-2 was observed among adults ( P < 0.001). 

All participants received two doses of CoronaVac before study en-

ry; 1205 (95.9%) elderly participants received a booster dose 41.2

 6.1 days before T2; and 1166 (96.6%) adults received a booster

ose 62.4 ± 17.9 days before T3 (73.9% of them received a booster

ose). Of the 3902 study participants, 3822 had a blood sample as-

essed at baseline, 3902 at T1, 2854 at T2, 2198 at T3, and 1430 at

4 (Figure S1, see online supplementary material). Eighty participants

ad no serological data available at baseline due to blood processing

ssues. 

eropositivity and seroconversion dynamics 

Pre- and post-vaccination serological titres, seropositivity and se-

oconversion for anti-RBD IgG and anti-nucleocapsid IgG are summa-
224 
ized in Tables S1 and S2, respectively (see online supplementary ma-

erial). Table S3 (see online supplementary material) summarizes post-

accination serological titres and seropositivity for anti-spike trimeric

gG. 

The overall proportion of anti-RBD IgG seropositivity before vaccina-

ion was 21.5%, with a significantly higher positivity rate in adults than

n elderly participants (24.6% vs 17.3%; P < 0.001). Four months after

he second dose, overall seropositivity increased to 99.1%, again signif-

cantly higher in adults than in elderly participants (99.7% vs 98.2%;

 < 0.001). After 7, 10 and 13 months, overall seropositivity was 99.7%,

9.9% and 100%, respectively, with no significant difference between

dults and elderly participants. Adults had a similar rate of seroconver-

ion at 4 months (82.3% vs 84.4%; P = 0.087) and lower rates at 7, 10

nd 13 months (82.1% vs 86.2%, P = 0.004; 84.5% vs 88.1%, P = 0.017;

4.9% vs 88.6%, P = 0.028, respectively) compared with elderly partici-

ants. 

For anti-nucleocapsid IgG, when compared with elderly participants,

 higher proportion of adults were positive before vaccination (23.6% vs

7.1%; P < 0.001) and 4 months after the second dose (81.0% vs 53.5%;

 < 0.001). Of note, at 7 months, elderly participants presented a signifi-

antly higher proportion of seropositivity than adults (94.0% vs 70.6%;

 < 0.001). Later, adults had a higher proportion of seropositivity at 10

onths than elderly participants ( P = 0.030), and there was no signifi-

ant difference between adults and elderly participants at 13 months

 P = 0.131). The seroconversion rate in adults, compared with elderly

articipants, was significantly higher at 4 months (68.2% vs 41.8%;

 < 0.001), lower at 7 months (53.9% vs 83.4%; P < 0.001), not signifi-

antly different at 10 months (83.6% vs 81.3%; P = 0.154), and lower at

3 months (83.9% vs 88.3%; P = 0.020). 

Anti-spike trimeric IgG was only assessed after vaccination. When

ompared with elderly participants, adults presented a significantly

igher proportion of seropositivity at 4 months (72.7% vs 56.4%;

 < 0.001), lower at 7 months (59.5% vs 95.6%; P < 0.001), higher at 10

onths (98.9% vs 87.2%; P < 0.001), and similar at 13 months (97.2%

s 95.6%; P = 0.149). 

ntibody kinetics 

Overall, anti-RBD IgG GMT increased progressively and significantly

rom 0.7 U/mL at baseline to 74.7 U/mL at 4 months, 135.6 U/mL at 7

onths, 226.7 U/mL at 10 months, and 239.9 U/mL at 13 months after

omplete-schedule vaccination ( P < 0.001; Table S1, see online supple-

entary material). When comparing different time points in the same
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Figure 1. Antibody titres over time according to age group. 
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ge group ( Figures 1 and 2 ), adults had a significant increase in anti-RBD

gG GMT from pre-vaccination to 4 months (0.9 U/mL vs 95.1 U/mL;

 < 0.001), followed by a significant decrease at 7 months (93.1 U/mL;

 < 0.001), a significant increase at 10 months (244.6 U/mL; P < 0.001),

nd a significant decrease at 13 months (242.7 U/mL; P = 0.032). For el-

erly participants, there was a significant increase in GMT for anti-RBD

gG from pre-vaccination to 4 months and to 7 months (0.6 U/mL vs 53.8

/mL vs 218.7 U/mL; P < 0.001), a significant decrease at 10 months

206.6 U/mL; P < 0.001), and an increase at 13 months (236.6 U/mL;

 < 0.001). Adults had a significantly higher increase in anti-RBD IgG

erum titres from 4 months to baseline (rGMT 107.6 vs 89.1; P < 0.001),

hereas rGMT at 7, 10 and 13 months was significantly lower in adults

han in elderly participants (110.1 vs 355.5, P < 0.001; 305.8 vs 376.3,
225 
 < 0.001; 286.1 vs 457.6, P < 0.001, respectively; Table S1, see online

upplementary material). 

Anti-nucleocapsid IgG levels (Table S2, see online supplementary

aterial) in adults increased significantly from pre-vaccination to 4

onths, decreased at 7 months, and increased at 10 and 13 months

0.3 cut-off index (COI) vs 7.3 COI vs 5 COI vs 75.9 COI vs 90.4 COI;

 < 0.001]. In elderly participants, antibody titres increased significantly

rom pre-vaccination to 4 and 7 months, decreased at 10 months, and

ncreased at 13 months (0.2 COI vs 2.2 COI vs 51.0 COI vs 32.3 COI vs

08.1 COI; P < 0.001). The rGMT in adults compared with elderly par-

icipants was significantly higher at 4 months (25.4 vs 10.2; P < 0.001),

ower at 7 months (17.7 vs 230.7; P < 0.001), higher at 10 months (282.0

s 163.5; P < 0.001), and higher at 13 months (286.1 vs 590.8; P < 0.001).
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Figure 2. Geometric mean titres (95% confidence interval) over time according to antibody and age group. 

 

t  

7  

[  

B  

i  

l  

(  

P  

a  

P  

P  

B  

B

 

s  

b  

w  

(  

v  

6  

C  

n  

m

 

b  

p  

t  

2  

P  

t  

(  

a  

a  

c  

U  

B

F

 

C  

s  

m  

a  

v  

(  
For anti-spike trimeric IgG (Table S3, see online supplementary ma-

erial), in adults, there was a significant decrease in GMT from 4 to

 months, an increase at 10 months and a decrease at 13 months

84.1 units of bound antibody (BAU)/mL vs 71.1 BAU/mL vs 876.8

AU/mL vs 798.0 BAU/mL; P < 0.001], whereas there was a significant

ncrease in GMT in elderly participants from 4 to 7 months, similar

evels at 10 months ( P = 0.145) and a significant increase at 13 months

57.7 BAU/mL vs 332.6 BAU/mL vs 283.6 BAU/mL vs 596.7 BAU/mL;

 < 0.001). In comparison with elderly participants, adults presented

 more elevated GMT at 4 months (84.1 BAU/mL vs 57.7 BAU/mL;

 < 0.001), lower GMT at 7 months (71.1 BAU/mL vs 332.6 BAU/mL;

 < 0.001), and higher GMT at 10 months (876.8 BAU/mL vs 283.6

AU/mL) and 13 months (798.0 BAU/mL vs 596.7 BAU/mL; P < 0.001).

ooster dose and antibody titre kinetics 

Table 2 , Figure S2 and Table S4 (see online supplementary material)

ummarize antibody kinetics according to age group and receipt of a

ooster dose. In the overall population, at 7 months (T2), individuals

ho had received a booster dose had a higher GMT for anti-RBD IgG

223.3 U/mL vs 90.8 U/mL; P < 0.001), anti-nucleocapsid IgG (53.2 COI

s 4.7 COI; P < 0.001) and anti-spike trimeric IgG (349.5 BAU/mL vs

7.3 BAU/mL; P < 0.001) than those who had only received two doses of

oronaVac (i.e. had not received a booster dose). In participants who did
226 
ot receive a booster dose, antibody titres declined significantly after 7

onths post-vaccination. 

Seven months after the second dose, when the booster dose had

een allowed only for elderly people and healthcare workers, among

articipants who received the booster dose, there was no difference be-

ween adults and elderly participants for anti-RBD IgG (216.9 U/mL vs

23.7 U/mL; P = 0.872) and anti-nucleocapsid IgG (39.7 COI vs 54.1 COI;

 = 0.283), but adults presented a higher GMT for anti-spike trimeric IgG

han elderly participants (498.7 BAU/mL vs 342.7 BAU/mL; P = 0.003)

 Table 2 ). Ten months after the second dose, when the booster had been

llowed for all adults, levels of anti-RBD IgG, anti-nucleocapsid IgG and

nti-spike trimeric IgG were significantly higher in adults who had re-

eived a booster dose than in elderly participants (246.2 U/mL vs 207.6

/mL, P < 0.001; 78 COI vs 32.7 COI, P < 0.001; 892.1 BAU/mL vs 278.2

AU/mL, P < 0.001). 

actors influencing vaccination response 

Before vaccination, 823 (21.5%) participants had contact with SARS-

oV-2, and 711 (18.2%) participants had confirmed COVID-19 after the

econd dose. On multi-variable analysis, based on the antibody titres at 4

onths, age < 60 years was independently associated with higher prob-

bility of post-vaccination infection (OR 3.99; P < 0.001), whereas pre-

ious exposure to SARS-CoV-2 (OR 0.06; P = 0.007) and antibody titres

anti-spike trimeric IgG: OR 0.73; P = 0.003) was independently associ-
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Table 2 

Geometric mean for antibody titres (GMT) according to age group and receipt of a booster dose. 

Third dose Age < 60 years Age ≥ 60 years Total P -value a 

n GMT (95% CI) n GMT (95% CI) n GMT (95% CI) 

Participants with third dose in T2 

Anti-RBD IgG No 1531 89.8 (85.0–94.7) 51 127.7 (92.5–176.4) 1582 90.8 (86.1–95.8) < 0.001 

Yes 67 216.9 (193.5–243.0) 1205 223.7 (216.1–231.5) 1272 223.3 (216.1–230.8) 0.872 

Anti-nucleocapsid IgG No 1531 4.6 (4.1–5.1) 51 12.5 (5.6–28.0) 1582 4.7 (4.2–5.3) < 0.001 

Yes 67 39.7 (24.2–65.1) 1205 54.1 (48.8–59.9) 1272 53.2 (48.1–58.8) 0.283 

Anti-spike trimeric IgG No 1531 65.3 (60.2–70.9) 51 164.4 (97.8–276.3) 1582 67.3 (62.0–73.0) < 0.001 

Yes 67 498.7 (630.6–689.6) 1205 342.7 (320.1–366.8) 1272 349.5 (326.9–373.7) 0.003 

Participants with third dose in T3 

Anti-RBD IgG No 41 201.5 (169.2–239.8) 21 165.9 (101.7–270.7) 62 188.6 (155.3–229.2) 0.546 

Yes 1166 246.2 (242.9–249.6) 970 207.6 (201.0–214.5) 2136 227.9 (224.1–231.7) < 0.001 

Anti-nucleocapsid IgG No 41 34.5 (17.3–68.4) 21 18.3 (5.3–63.5) 62 27.8 (15.2–50.8) 0.255 

Yes 1166 78.0 (71.3–85.4) 970 32.7 (29.0–36.8) 2136 52.6 (48.7–56.7) < 0.001 

Anti-spike trimeric IgG No 41 536.7 (313.4–918.8) 21 565.6 (235.2–1360.0) 62 546.3 (348.8–855.6) 0.809 

Yes 1166 892.1 (838.6–949.0) 970 278.2 (250.1–309.5) 2136 525.6 (493.0–560.2) < 0.001 

CI, confidence interval; T2, 7months after the second vaccine dose; T3, 10 months after the second vaccine dose. 
a P -value for comparison between age groups. 

Table 3 

Univariable and multi-variable analyses for coronavirus disease 2019 (COVID-19) in different periods. 

Variables T1–T2 T2–T3 T3–T4 

OR 95% CI P -value OR 95% CI P -value OR 95% CI P -value 

Univariable 

Age ( < 60 years) 3.10 (1.76–5.47) < 0.001 1.22 (0.94–1.59) 0.138 1.41 (0.76–1.71) 0.526 

Gender (male) 1.10 (0.70–1.72) 0.692 0.79 (0.61–1.03) 0.077 0.68 (0.45–1.03) 0.066 

Comorbidities 0.81 (0.50–1.30) 0.382 1.00 (0.77–1.30) 0.996 0.88 (0.58–1.34) 0.563 

Diabetes 0.85 (0.42–1.71) 0.640 1.12 (0.78–1.59) 0.543 0.72 (0.38–1.36) 0.307 

Hypertension 0.67 (0.39–1.17) 0.156 1.00 (0.75–1.33) 0.998 1.12 (0.72–1.72) 0.621 

COVID-19 case up to T# 0.04 (0.01–0.29) 0.001 0.43 (0.30–0.62) < 0.001 0.19 (0.10–0.38) < 0.001 

log (Anti-RBD) at T# 0.79 (0.68–0.91) 0.001 0.81 (0.73–0.91) < 0.001 0.88 (0.59–1.32) 0.536 

log (Anti-N) at T# 0.82 (0.74–0.91) < 0.001 0.89 (0.85–0.94) < 0.001 0.94 (0.85–1.04) 0.223 

log (Anti-S) at T# 0.68 (0.58–0.81) < 0.001 0.83 (0.77–0.90) < 0.001 0.77 (0.69–0.87) < 0.001 

Multi-variable 

Age ( < 60 years) 3.99 (2.23–7.12) < 0.001 1.02 (0.74–1.41) 0.900 1.95 (1.22–3.13) 0.005 

COVID-19 case up to T# 0.06 (0.01–0.48) 0.007 0.51 (0.34–0.76) 0.001 0.76 (0.66–0.88) < 0.001 

log (Anti-S) at T# 0.73 (0.59–0.90) 0.003 0.88 (0.79–0.97) 0.008 0.22 (0.11–0.43) < 0.001 

Anti-N, anti-nucleocapsid IgG; Anti-S, anti-spike trimeric IgG; CI, confidence interval; OR, odds ratio; #, equal to T1 for T1–T2, equal to T2 for T2–T3, and equal 

to T3 for T3–T4. 
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a  
ted with lower probability of post-vaccination infection ( Table 3 ). At 7

onths, previous exposure to SARS-CoV-2 (OR 0.51; P = 0.001) and an-

ibody titres (anti-spike trimeric IgG: OR 0.88; P = 0.008) continued to

e independently associated with lower probability of post-vaccination

nfection adjusted by age. At 10 months, age < 60 years was indepen-

ently associated with higher probability of post-vaccination infection

OR 1.95; P = 0.005), whereas previous exposure to SARS-CoV-2 (OR

.76; P < 0.001) and antibody titres (anti-spike trimeric IgG: OR 0.22;

 < 0.001) continued to be independently associated with lower proba-

ility of post-vaccination infection. Table S5 shows univariable analyses

y age group. In a multi-variable analysis not including previous expo-

ure to SARS-CoV-2 as an independent variable (Table S6, see online

upplementary material), age < 60 years continued to be independently

ssociated with higher probability of post-vaccination infection at 4 and

0 months, whereas antibody titres of anti-spike trimeric IgG were in-

ependently associated with lower probability of post-vaccination in-

ection at 4, 7 and 10 months. 

dditional analysis of antibody titre kinetics in participants who received 

nly two doses of CoronaVac 

An additional analysis of antibody kinetics was performed consid-

ring only those participants who had received two doses of Coron-

Vac, excluding at each time point the participants who had received
227 
 booster dose or developed COVID-19 during the study (Table S7 and

igure S3, see online supplementary material). In these analyses, the

attern remained the same (i.e. there was an increase in antibody titres

rom pre-vaccination to 4 months and a decrease at 7 months). Of note,

here was also an increase in antibody levels at 10 and 13 months. As

he participants had not received the booster dose or had symptomatic

OVID-19, this increase is attributed to asymptomatic SARS-CoV-2 in-

ection. It is important to mention that the number of participants with

nly two doses was small at 10 and 13 months ( n = 71 and 21, respec-

ively). Additionally, the 10-month collection was at the end of January

022, during the Omicron wave in Brazil. 

iscussion 

In this real-world study, adult and elderly recipients of Coron-

Vac achieved high seroconversion and seropositivity rates for anti-RBD

ver 13 months following vaccination. Seropositivity was slightly lower

1.5%) in elderly participants than in adults at 4 months, but not in the

ollowing months, probably due to the booster dose. 

Previous studies have shown similar seropositivity rates with Coron-

Vac in the short term. In a phase 3 trial, the seropositivity rate reached

9.7% 14 days after the second dose [6] . In a real-world study, Coro-

aVac had IgG seropositivity of 77.4% 3 weeks after the second dose

nd 47.3% after 16 weeks [12] . Of note, in the present study, seropos-
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tivity in adults was high after two doses of CoronaVac. The different

esults could be explained by diagnostic test sensitivity, and reinforce

he need to use highly accurate tests and not rely solely on point-of-care

erological tests [16] . 

Four months after the second dose of CoronaVac, titres for anti-RBD

gG, anti-nucleocapsid IgG and anti-spike trimeric IgG were significantly

ower in elderly participants than in adults. A reduced immune response

n elderly participants has been described previously as a consequence

f immunosenescence [10] . In elderly people, the decrease in immune

esponse has been described for several COVID-19 vaccines, such as

NT162b2 [ 9 , 17 ] and CoronaVac [18] . 

At 7 months, anti-RBD IgG titres in adults remained stable, whereas

nti-nucleocapsid IgG and anti-spike trimeric IgG titres decreased sig-

ificantly. A similar pattern was observed at 10 months for elderly

articipants and 13 months for adults (i.e. the titres increased after

he booster dose, but some antibody levels decreased). The decrease

n antibody levels between 4 and 7 months after the second dose,

nd approximately 4–6 months after the booster dose, although small

nd not for all antibodies, indicates waning of the immune response.

n a prospective study with 120 participants, antibody levels to the

NT162b2 vaccine declined significantly approximately 12 weeks after

he second dose [19] . In Chile, two studies using different serological

ests showed that antibody production declines over time in individu-

ls vaccinated with CoronaVac and BNT162b2, being less pronounced

or BNT162b2 [ 12 , 20 ]. Previous studies showed a substantial decrease

n the humoral response 6 months after the second dose of BNT162b2,

specially in men, older individuals and immunosuppressed individuals

 21 , 22 ]. 

As a consequence of the booster dose, all antibody titres increased in

dults and elderly participants, reinforcing its importance in increasing

he immune response. In the present study, three doses of CoronaVac in-

reased antibody levels significantly, although some studies have shown

igher increases with heterologous vaccine regimens [ 20 , 23–25 ]. More

tudies are needed to assess the effectiveness of different booster admin-

stration strategies. 

Although the immune response to natural infection induces antibody

roduction for different virus antigens, spike and nucleocapsid proteins

re the dominant antigens [26] . Based on this and the mechanism of

ction of the CoronaVac vaccine (inactive virus), the antibody titres for

BD-specific IgG, spike trimeric protein IgG and nucleocapsid IgG were

ssessed in the current study as they provide different information and

nvolve different mechanisms. The spike protein is more specific for di-

gnostic purposes and has been used most frequently [ 16 , 27 ]. The nu-

leocapsid protein is a less variable portion, but tests may lead to false-

ositive results [26] . Batra et al. demonstrated that a high concentration

f IgG against the nucleocapsid protein was a prognostic factor for the

linical course of disease, being independently associated with admis-

ion to an intensive care unit and longer hospital stay [28] . Recent de-

elopment of tests targeting the trimeric form of the spike protein could

ave better correlation with neutralization activity for testing other do-

ains related to virus internalization mechanism [ 29 , 30 ]. The use of

 chimeric protein, consisting of the nucleocapsid and spike-1 protein

omponents of SARS-CoV-2, has been indicated as a potential vaccine

andidate [31] . 

This study also showed that previous infections and high levels

f antibody were associated with decreased risk of having COVID-19,

hereas age < 60 years was a risk factor for COVID-19. High levels

f binding and neutralizing antibodies after COVID-19 vaccines were

orrelated with reduced risk of symptomatic infection [ 32 , 33 ]. These

ata reinforce the importance of approved COVID-19 vaccines and the

ooster dose in reducing the risk of symptomatic infection. 

This study has limitations. First, neutralizing antibodies were not

valuated. Second, as comorbidities were based on self-report, the

uthors could not confirm their existence or quantify their severity

r the degree of associated immunosuppression. Finally, as samples

ere not diluted and several samples reached the upper limit of the
228 
est, seroconversion and the increase in antibody level may have been

nderestimated. 

onclusion 

This study provides additional data on the vaccine immune response

nd highlights the importance of using highly accurate tests for the eval-

ation of vaccine strategies in a real-world study. The results demon-

trate a significant immune response after two doses of CoronaVac, and

 significant increase in antibody levels after a booster dose in adults

nd elderly participants. A decline in antibody titres was observed at 7

onths post-vaccination in participants who had not received a booster

ose, and approximately 4–6 months after the booster dose. Higher lev-

ls of antibodies and previous SARS-CoV-2 infection were associated

ith protection against breakthrough COVID-19. 
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