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Background A major challenge of the SARS-CoV-2 pandemic is to better define “protective thresholds” to guide the
global response. We aimed to characterize the longitudinal dynamics of the antibody responses in naturally infected
individuals in Chile and compared them to humoral responses induced after immunization with CoronaVac-based
on an inactivated whole virus -or the BNT162b2- based on mRNA-vaccines. We also contrasted them with the respec-
tive effectiveness and efficacy data available for both vaccines.

MethodsWe determined and compared the longitudinal neutralizing (nAb) and anti-nucleocapsid (anti-N) antibody
responses of 74 COVID-19 individuals (37 outpatient and 37 hospitalized) during the acute disease and convales-
cence. We also assessed the antibody boosting of 36 of these individuals who were immunized after convalescence
with either the CoronaVac (n = 30) or the BNT162b2 (n = 6) vaccines. Antibody titres were also measured for 50
naÿve individuals immunized with two doses of CoronaVac (n = 35) or BNT162b2 (n = 15) vaccines. The neutralizing
level after vaccination was compared to those of convalescent individuals and the predicted efficacy was estimated.

Findings SARS-CoV-2 infection induced robust nAb and anti-N antibody responses lasting >9 months, but showing
a rapid nAb decay. After convalescence, nAb titres were significantly boosted by vaccination with CoronaVac or
BNT162b2. In naÿve individuals, the calculated mean titre induced by two doses of CoronaVac or BNT162b2 was
0¢2 times and 5.2 times, respectively, that of convalescent individuals, which has been proposed as threshold of pro-
tection. CoronaVac induced no or only modest anti-N antibody responses. Using two proposed logistic models, the
predicted efficacy of BNT162b2 was estimated at 97%, in close agreement with phase 3 efficacy studies, while for
CoronaVac it was »50% corresponding to the lowest range of clinical trials and below the real-life data from Chile
(from February 2 through May 1, 2021 during the predominant circulation of the Gamma variant), where the esti-
mated vaccine effectiveness to prevent COVID-19 was 62¢8�64¢6%.
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Interpretation The decay of nAbs titres in previously infected individuals over time indicates that vaccination is
needed to boost humoral memory responses. Immunization of naÿve individuals with two doses of CoronaVac
induced nAbs titres that were significantly lower to that of convalescent patients, and similar to vaccination with one
dose of BTN162b2. The real life effectiveness for CoronaVac in Chile was higher than estimated; indicating that
lower titres and additional cellular immune responses induced by CoronaVac might afford protection in a highly
immunized population. Nevertheless, the lower nAb titre induced by two doses of CoronaVac as compared to the
BTN162b2 vaccine in naÿve individuals, highlights the need of booster immunizations over time to maintain protec-
tive levels of antibody, particularly with the emergence of new SARS-CoV-2 variants.
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Research in context

Evidence before this study

The duration of immune protection against SARS-CoV-2
by natural infection or vaccination remains to be eluci-
dated during the current pandemic. As a central param-
eter of protection, the titre of circulating neutralizing
antibodies has been characterized and compared with
the efficacy and effectiveness of vaccines to protect
from symptomatic disease. We searched in the PubMed
database for articles published up to July 26th 2021,
using the terms “SARS-CoV-2” or “COVID-19” and “neu-
tralizing antibodies”, “long-lasting response”, “Corona-
Vac vaccine” or “BNT162b2 vaccine” to identify articles
related with antibody decay over time after natural
infection and initial antibody titres upon vaccination.
There was data available on spike-specific antibody up
to 11 months after onset of symptoms. Numerous data
was also available on mRNA vaccine studies, however;
little independent data was available on the inactivated
virus based CoronaVac vaccine. Of note, the assays for
measuring neutralization varied widely and to express
data as ratio of convalescence sera, the time of conva-
lescence since the onset of symptoms was not stan-
dardized either.

Added value of this study

This study provides a direct comparison of longitudinal
convalescent nAb titres after SARS-CoV-2 natural infec-
tion and those of individuals immunized with two differ-
ent vaccine formulations, CoronaVac and BNT162b2.
Based on the maximal response curves to SARS-CoV-2
infection we compared the mean titre of nAb response
using different time frames and used them as fold com-
parison with titres found in naïve immunized individu-
als. The data was further contrasted with the estimated
real-life vaccine effectiveness and efficacy to prevent
COVID-19, available for these vaccines.

Implications of all the available evidence

Understanding the “threshold” of neutralizing antibody
titres that confer protection against symptomatic
COVID-19 would help in the management of the pan-
demic. This is of particular importance because of the
decay of antibody levels observed over time after natu-
ral infection and vaccination, and due to the emergence
of SARS-CoV-2 variants. In this study we showed that
two doses CoronaVac immunization leads to initial neu-
tralizing antibody titres that are significantly lower than
that of convalescent patients and equivalent to one
dose of BNT162b2. However, the real life effectiveness
for CoronaVac in Chile was higher than estimated from
current logistic models. Hence, further studies are
required to assess if lower titres or additional cellular
immune responses, might contribute to effective pro-
tection in a population with high vaccine coverage.
Introduction
The durability of circulating neutralizing antibody
(nAb) responses to severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection or vaccination
has become a central question during the current pan-
demic to determine correlates of immune protection
against disease. While the antibody dynamics during
www.thelancet.com Vol 78 Month April, 2022
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the acute phase have been described, many studies vary
considerably in the methods used.1 Increasing evidence
suggest that infected individuals can mount long-term
SARS-CoV-2 spike-specific nAbs that can remain detect-
able for up to 11 months.2�5 However, a “threshold” of
nAb titres related with protective activity remains to be
defined.6 This definition is of particular importance
where vaccine doses are sparse and for less studied vac-
cines that are being used widely in middle- and low-
income countries.

As of June 2021, the World Health Organization
(WHO) has authorized the emergency use of six vac-
cines, which are now also considered for distribution
through the coronavirus disease 2019 (COVID-19) Vac-
cines Global Access (COVAX) program (https://www.
who.int/initiatives/act-accelerator/covax). Limited infor-
mation is currently available on the longevity of the
humoral response after vaccination7 or natural infec-
tion, and whether a vaccination boost is required for
previously infected individuals, including when this
should be recommended, particularly in the context of
new variants of concern.8�10 Of the authorized vaccines,
limited data is available on the induction of nAbs by the
inactivated virus CoronaVac vaccine (Sinovac Life Scien-
ces Co., LTD, Beijing, China), which has been used
widely in over 50 countries in the developing world,
such as Brazil, Chile, Indonesia and Turkey, with a
reported efficacy in protection against symptomatic
COVID-19 ranging from 50 to 84%.11 In general, there
is limited information on the correlates of protection
and the relationship between nAbs levels and the effi-
cacy against symptomatic SARS-CoV-2 infection when
immunized with any of the available vaccines.12,13 To
provide a framework to implement improved global vac-
cination strategies, it is imperative to establish corre-
lates of protection that are evaluated and compared
simultaneously across different vaccine formulations and
dose schedules.14 Hence, additional longitudinal data are
needed to characterize the medium- and long-term nAb
dynamics, as well as the CD4+ T cells and CD8+ T
immune response15 and the Fc- effector functions,16

starting from the acute phase of disease of patients with
mild and moderate/severe outcome. It is also important
to determine and compare their memory responses upon
immunization with the different vaccines currently in
use (e.g. inactivated versus mRNA vaccines).

In this study we aimed to analyse the longitudinal
neutralizing and anti-nucleocapsid (anti-N) antibody
responses after natural infection in convalescent
COVID-19 individuals, including analyses of the tem-
poral induction and decay dynamics of these humoral
responses. Using these data as a framework, we then
compared these titres to those of naÿve individuals vac-
cinated with the CoronaVac vaccine or the BNT162b2
vaccine based on spike protein-encoding messenger
RNA (BioNTech/Pfizer), which we then used to
www.thelancet.com Vol 78 Month April, 2022
contrast them with the respective effectiveness and
efficacy data available for both vaccines.
Methods

Study population and clinical metadata
The individuals included in the study are part of the
CHILE COVID-19 cohort, which was established in
late February of 2020, as part of a CEIRS Cross-Centre
project funded by the NIH-NIAID, to study the natural
history of SARS-CoV-2 in the Southern Hemisphere
(Supplementary Figure 1). Of a total of 168 participants
(n = 81 outpatients and n = 87 hospitalized), 74 individ-
uals with a confirmed diagnosis for SARS-CoV-2 infec-
tion were recruited prospectively between March 5 and
October 22, 2020, and were selected for longitudinal
convalescent serology analyses if they had 2 or more
samples during 12 months since onset of symptoms.
Given that convalescent samples were obtained prior
to the appearance of virus variants, in this study we
assessed antibody titres against the Wuhan-like virus
strain. Due to the rapid vaccination campaign in Chile,
36 of these 74 participants were immunized with 1 or
2 doses of either the CoronaVac or BNT162b2 vaccines
during the follow up period within 127�398 days
(4.2�13.3 months) since onset of symptoms (Supple-
mentary Figure 2 and Supplementary Table 1). Hence,
they were re-consented and followed up for an addi-
tional time period (31�126 days). Extensive metadata is
collected at each visit and samples are clearly identified
as being part of the convalescent period or post-vacci-
nation period. No samples taken after vaccination
were included in the longitudinal (persistent) analyses
(Figures 1 and 2). The post-vaccination samples are
only included in (Figures 3 and 4). We also enrolled
healthy individuals (n = 50) who were recruited as con-
trols and received two doses of the CoronaVac
(n = n = 35; Sinovac Life Sciences Co., LTD, Beijing,
China) or BNT162b2 (n = 15; Pfizer Manufacturing Bel-
gium NV, Puurs, Belgium) vaccines at time intervals of
28 or 21 days, respectively. The analysis were per-
formed considering two major groups of individuals,
hospitalized and outpatients: Hospitalized individuals
(n = 37) were either severe patients (n = 14), defined as
those who developed pneumonia with one of the fol-
lowing three conditions: (1) acute respiratory failure
that required invasive mechanical ventilation or a
high-flow nasal cannula (HFNC) with prone position,
(2) septic shock or (3) multiple organ dysfunction;
moderate cases (n = 23) consisted of inpatients with
pneumonia without these conditions. Outpatients
(n = 37) were individuals that had mild symptoms of
COVID-19 but did not meet the criteria mentioned
above. Peripheral blood samples, nasopharyngeal
swabs and sputum samples were collected between 2
3
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Figure 1. Longitudinal dynamics of neutralizing and anti-N antibody responses to SARS-CoV-2 infection from outpatient and hospi-
talized individuals. a,b. The half-maximum inhibitory concentration (IC50) of sera was determined by microneutralization assay of
recombinant vesicular stomatitis virus carrying SARS-CoV-2 spike protein (rVSV-SARS2-S). a. Neutralizing antibody (nAb) titres (log10
IC50) from n = 30 outpatients (116 samples; grey circles) and n = 35 hospitalized (112 samples; red circles) at 2 to 37 days post-symp-
tom onset. c. Longitudinal nAb titres (log10 IC50) from n = 36 outpatients (85 samples) and n = 31 hospitalized (58 samples) taken
from day 23 (outpatients) or day 25 (hospitalized) until day 414 post-symptom onset. c,d. The end-point titres of anti-N IgG were
determined by ELISA using a recombinant SARS-CoV-2 nucleocapsid protein. Samples and time points are the same as those in A
and B. a-c. The second order polynomial (quadratic) curve fitting was used to establish the days at which peak titres occurred
(Ymax). b�d. Continuous decay fit is shown with the red and gray line for the corresponding patient group. Every data point repre-
sents results from two technical replicates.

Articles

4

and 437 days after the onset of symptoms. For naÿve
individuals, samples were collected 1�2 days prior to
vaccination and between 10 and 30 days after the first
dose but prior to the second dose and 6�31 days after
the second dose. For previously infected individuals,
samples were collected at time intervals corresponding
to weeks 1, 2, 3, 4, and months 3, 6, 9 and 12�14
months after onset of symptoms as shown in Figs. 1
and 2. Demographic data for all patients and controls,
obtained through a clinical questionnaire, are shown
in Table 1.

For comparing seroconversion titres and correlates
of protection, we used the same approach of Khoury
et al.12 considered as a robust approach to associate
nAbs and protection. Hence, took in to account the
time ranges of seven vaccine studies (e.g. of the
mRNA-1273, NVX-CoV2373, BNT162b2, rAd26-S
+rAd5-S, ChAdOx1 nCoV-19, Ad26.COV2.S and Coro-
naVac vaccines) for determining neutralization titres.
This time range was 10�60 days, or not specified,
from which the neutralization and protection model
was developed in the Khoury et al study. We also used
our own data (Figure 1a,b) that showed that some indi-
viduals have high levels of nAb during week 1
(Figure 1b). We performed initial analyses considering
convalescent titres obtained in our study using time
ranges of 10�37, 14�28 and 14�21 days, which
showed no significant differences (Supplementary
Figure 3). With this context and for broad comparisons,
we adopted a more dogmatic approach and used neu-
tralizing data from 14 to 28 days post onset of symp-
toms as the period at which robust nAbs are generated
upon natural infection.

Plasma and serum collection
Peripheral blood was collected in both plasma separat-
ing (EDTA/purple top) and serum separating (red top)
tubes and was processed by centrifugation at 2000 £ g
for 5 min. Limited volume of plasma and serum sam-
ples were aliquoted and stored at �80 °C. Serum sam-
ples were heated at 56 °C for 1 h before use to eliminate
the risk of any potential residual virus.
www.thelancet.com Vol 78 Month April, 2022



Figure 2. Comparison of neutralizing and anti-N antibody responses after SARS-CoV-2 infection of outpatient and hospitalized indi-
viduals over a 12 months period. a. nAb IC50 titres were determined by microneutralization assay of recombinant vesicular stomati-
tis virus carrying SARS-CoV-2 spike protein (rVSV-SARS2-S). b. End-point titres of anti-N IgG were determined by ELISA using a
recombinant SARS-CoV-2 nucleocapsid protein. a-b. Samples were obtained for n = 37 outpatients (172 samples; grey circles) and
n = 37 hospitalized (139 samples; red circles) grouped by weeks (W) or months (M) post-symptom onset (serum samples from:
1W = 1�7 days; 2W = 8�14 days; 3W = 15�21 days; 4W = 22�45 days; 3M = 46�135 days; 6M = 136�225 days;
9M = 226�315 days and 12-14M = 316�414 days). The bars indicate geometric mean titres (GMT) with 95% confidence intervals.
GMTs are indicated above each data set. Dashed line represents the limit of detection (LOD) of each assay. Statistical analyses shown
at the indicated time points were performed between nAb titres of outpatient and hospitalized using the unpaired two-tailed Mann-
Whitney test (*P < 0¢05; **P < 0¢01; **P < 0¢001; ****P < 0¢0001; ns, non-significant). Every data point represents results from two
technical replicates.
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SARS-CoV-2 spike and nucleocapsid ELISAs
Overnight, 96-well plates (Immulon 4 HBX; Thermo
Fisher Scientific #3355) were coated at 4 °C with 50 mL
per well of a 2 mg/mL solution recombinant SARS-CoV-
2 spike or nucleocapsid (GenScript #Z03488) proteins,
as previously described.3,17,18 The next morning, the
plates were blocked with 3% non-fat milk prepared in
www.thelancet.com Vol 78 Month April, 2022
PBS with 0.1% Tween 20 (PBST) for 1 h. Serial dilu-
tions of serum and antibody samples previously inacti-
vated by heating at 56 °C for 1 h, were diluted starting
1:50 for spike and 1:30 for nucleocapsid SARS-CoV-2
proteins were prepared and 100 mL of each dilution was
added to the plates for 2 h at room temperature. For pri-
mary antibody detection a 1:3,000 dilution of goat anti-
5



igure 3. Longitudinal neutralizing and anti-N antibody titres to SARS-CoV-2 in previously infected before and after CoronaVac or
NT162b2 vaccination. nAb titres (IC50) obtained using a rVSV-SARS2-S microneutralization assay and end-point titres of anti-N IgG
ere determined by ELISA using a recombinant SARS-CoV-2 nucleocapsid protein for vaccinated previously infected outpatients
-b; 20 participants) or vaccinated hospitalized patients (c-d; 16 participants) at different time points grouped by weeks (W) or
onths (M) post-symptom onset (serum samples from: 1W = 1-7 days; 2W = 8-14 days; 3W = 15-21 days; 4W = 22-45 days;
M = 46-135 days; 6M = 136-225 days; 9M = 226-315 days and 12M = 316-405 days/12-15M = 316-495). The arrows indicate time of
accination post-onset of symptoms (see Supplementary Table 1 for specific days of vaccination and sample collections). Circles,
on-vaccinated; squares, vaccinated with CoronaVac; triangles, vaccinated with BNT162b2. Conv: convalescent; Vacc: vaccine; 0:
dicates pre-vaccination samples; 1: first dose; 2: second dose. Dashed line indicates the limit of detection (LOD) of the microneu-
alization assay. Every data point represents results from two technical replicates.
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human IgG�horseradish peroxidase (HRP) conjugated
secondary antibody (Thermo Fisher Scientific # SA1-
36011, RRID:AB_1075961) was added to each well for
1 h and SIGMAFAST OPD (o-phenylenediamine dihy-
drochloride; Sigma�Aldrich #P9187) was used as sub-
strate. After 10 min the reaction was stopped by the
addition 3 M hydrochloric acid and the optical density at
490 nm (OD490) was measured using a Synergy 4
(BioTek) plate reader. In some cases, end-point titres
were calculated, with the end-point titre being the last
dilution before reactivity dropped below an OD490 of
<0.11. CR3022, a human monoclonal antibody reactive
to the RBD of both SARS-CoV-1 and SARS-CoV-2,19,20

was used as control. Negative and positive controls were
used to standardize each assay and normalize across
experiments. The limit of detection (LOD) was defined
as 1:50 for spike and 1:30 for nucleocapsid. Limit of sen-
sitivity (LOS) for the nucleocapsid assay was established
on the basis of the maximal serum reactivity of unin-
fected subjects using samples from 16 pre-pandemic
donors never exposed to SARS-CoV-2. All data represent
results from two technical replicates.
SARS-CoV-2 microneutralization assay
This assay was performed as previously described.21

Briefly, Vero E6 cells (ATCC #CRL-1586, RRID:
CVCL_0574) were seeded at a density of 20,000 cells
per well in a 96-well cell culture plate in complete
Dulbecco’s Modified Eagle Medium (cDMEM, Gibco
Thermo Fisher Scientific #11995040). The following
day, heat-inactivated serum samples (dilution of 1:10)
were serially diluted threefold and 80 mL of each serum
dilution were mixed with 80 mL of the authentic SARS-
CoV-2 (USA-WA1/2020; GenBank: #MT020880)
diluted to a concentration of 100 TCID50 (50% tissue
culture infectious dose) and then added to a 96-well cell
culture plate and allowed to incubate for 1 h at room
temperature. After removing the cell culture media, the
Vero E6 cells were incubated with 120 mL of the virus-
www.thelancet.com Vol 78 Month April, 2022



Figure 4. Neutralizing and anti-N antibody titres to SARS-CoV-2 in previously infected and naïve individuals before and after Corona-
Vac or BNT162b2 vaccination. nAb (b) and anti-N IgG (c) titres from 20 outpatient (42 samples) or 16 hospitalized (33 samples) indi-
viduals immunized with one or two doses of CoronaVac (30 participants) or one or two doses of BNT162b2 (6 participants) vaccines.
nAb (b) and anti-N IgG (d) titres from naïve individuals after the first and second dose of CoronaVac (35 participants) or BNT162b2
(15 participants) vaccines, compared to nAb titres from convalescent patients (samples taken between days 10 and 28 from 28 out-
patients (49 samples) and 34 hospitalized (58 samples) participants) and previously infected individuals (31 participants) before (31
samples) or after receiving two doses (25 samples) of the CoronaVac vaccine. Black lines represent the geometric mean titres (c) or
end-point titres (d) and bars show the 95% confidence intervals. Statistics were performed using unpaired two-tailed Mann-Whitney
test ((*P < 0¢05; **P< 0¢01; ***P< 0¢001; ****P < 0¢0001; ns, non-significant), excluding non-seroconverted data determined as out-
liers. Circles, non-vaccinated; squares, vaccinated with CoronaVac; triangles, vaccinated with BNT162b2. Conv: convalescent; Vacc:
vaccine; 0: indicates pre-vaccination samples; 1: first dose; 2: second dose. Dashed line indicates the limit of detection (LOD) of the
microneutralization assay and dotted line represents the limit of sensitivity (LOS) of ELISA. Every data point represents results from
two technical replicates.
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serummixture at 37 °C for 1 h. The virus-serummixture
was then removed from the cells and 100 mL of each
corresponding serum dilution and 100 mL of 1 £ MEM
containing 1% fetal bovine serum (FBS, Corning # 35-
010-CV) was added to the cells. After 48 h at 37 °C, the
cells were fixed with 10% paraformaldehyde (Polyscien-
ces # 04018-1) for 24 h at 4 °C, permeabilized with PBS
containing 0¢1% Triton X-100 (Sigma-Aldrich # X100)
and the plates were and blocked with 3% milk (Ameri-
can Bio # AB1010901000) in PBST. For detecting viral
infection, a primary mAb 1C7 (anti-SARS nucleoprotein
antibody generated in-house) was used at a 1:1,000 dilu-
tion and subsequently detected with a 1:3,000 dilution
of a goat anti-mouse IgG�HRP (Rockland #KCB002,
RRID:AB_10703407), and incubation with SIGMA-
FAST OPD (Sigma-Aldrich) as described above. A cut-
off value of the average of the optical density values of
www.thelancet.com Vol 78 Month April, 2022
blank wells plus three standard deviations established
for each plate was used to calculate the microneutraliza-
tion titre. Microneutralization assays were performed in
a facility with a biosafety level of 3 at the Icahn School of
Medicine at Mount Sinai. Each data point represents
results obtained from two technical replicates.
rVSV SARS-CoV-2 spike protein (rVSV-SARS2-S)
microneutralization assay
To determine the nAb titres of patient sera, we used a
previously described the replication-competent recombi-
nant vesicular stomatitis virus carrying the SARS-COV-
2 spike protein and coding for an enhanced green fluo-
rescent protein (eGFP).22 This recombinant virus has
been shown to correlate well when compared to neutral-
ization of convalescent serum with the authentic SARS-
7



Outpatients Hospitalized P value CoronaVac BNT162b2 P value Vaccinated Vaccinated p value

(n = 37) (n = 37) (Outpatients

vs. Hospitalized)

(n = 35) (n = 15) (CoronaVac

vs. BNT162b2)

previously

infected

(n = 36)

naïve participant

(n = 50)

(previously

infected

vs. naïve)

Characteristics

Male, n (%) 17 (45.9) 25 (67.6) 0.0998 11 (31.4) 3 (20) 0.5067 14 (38.9) 14 (28) 0.3531

Age, mean (range) 37 (14-66) 51 (16-83) 0.0004 36 (21-80) 34 (15-53) 0.6981 44 (17-83) 35 (15-80) 0.0308

>60 years, n (%) 5 (13.5) 12 (32.4) 0.0956 1 (2.9) 0 >0.9999 8 (22.2) 1 (2) 0.0025

Symptoms

Respiratory

Cough, n (%) 27 (73) 31 (83.8) 0.3975 NA NA NA 30 (83.3) NA NA

Dyspnea, n (%) 6 (16.2) 19 (51.4) 0.0028 NA NA NA 14 (38.9) NA NA

Odynophagia, n (%) 21 (56.8) 6 (16.2) 0.0006 NA NA NA 13 (36.1) NA NA

Chest discomfort, n (%) 3 (8.1) 5 (13.5) 0.7106 NA NA NA 4 (11.1) NA NA

Constitutional

Fever, n (%) 22 (59.5) 31 (83.8) 0.0377 NA NA NA 26 (72.2) NA NA

Headache, n (%) 32 (86.5) 14 (37.8) < 0.0001 NA NA NA 23 (63.9) NA NA

Myalgia, n (%) 25 (67.6) 18 (48.6) 0.157 NA NA NA 20 (55.6) NA NA

Severe fatigue, n (%) 0 20 (54.1) < 0.0001 NA NA NA 11 (30.6) NA NA

Altered mental status, n (%) 0 3 (8.1) 0.2397 NA NA NA 1 (2.8) NA NA

Gastrointestinal

Diarrhea, n (%) 12 (32.4) 10 (27) 0.7997 NA NA NA 12 (33.3) NA NA

Nausea/Vomiting, n (%) 6 (16.2) 9 (24.3) 0.5642 NA NA NA 8 (22.2) NA NA

Sensorial

Ageusia, n (%) 18 (48.6) 5 (13.5) 0.0022 NA NA NA 14 (38.9) NA NA

Anosmia, n (%) 24 (64.9) 8 (21.6) 0.0004 NA NA NA 18 (50) NA NA

Comorbidities or conditions

Obesity (BMI � 30), n (%) 5 (13.5) 14 (37.8) 0.0317 5 (14.3) 4 (26.7) 0.4234 10 (27.8) 9 (18) 0.3038

Hypertension, n (%) 3 (8.1) 13 (35.1) 0.0095 3 (8.6) 2 (13.3) 0.6293 9 (25) 5 (10) 0.0797

Metabolic conditions*, n (%) 4 (10.8) 12 (32.4) 0.0459 2 (5.7) 1 (6.7) >0.9999 9 (25) 3 (6) 0.0239

Hyperlipidemia, n (%) 4 (10.8) 7 (18.9) 0.5151 1 (2.9) 2 (13.3) 0.2107 7 (19.4) 3 (6) 0.0865

Cardiovascular disease, n (%) 0 3 (8.1) 0.2397 0 0 NA 1 (2.8) 0 0.4186

Chronic pulmonary disease, n (%) 4 (10.8) 3 (8.1) 1 0 0 NA 4 (11.1) 0 0.0277

Asthma, n (%) 6 (16.2) 2 (5.4) 0.2611 4 (11.4) 4 (26.7) 0.2195 5 (13.9) 8 (16) >0.9999

Rheumatologic disease, n (%) 0 3 (8.1) 0.2397 0 1 (6.7) 0.3 1 (2.8) 1 (2) >0.9999

Immunocompromised, n (%) 0 5 (13.5) 0.0541 0 1 (6.7) 0.3 2 (5.6) 1 (2) 0.5691

Allergy**, n (%) 16 (43.2) 6 (16.2) 0.0209 17 (48.6) 5 (33.3) 0.3673 12 (33.3) 22 (44) 0.3751

Neurologic disease, n (%) 0 4 (10.8) 0.1148 0 0 NA 2 (5.6) 0 0.1724

Smoker, n (%) 8 (21.6) 9 (24.3) 1 6 (17.1) 4 (26.7) 0.4616 6 (16.7) 10 (20) 0.7836

Table 1: Demographic and baseline characteristics of COVID-19 patients and vaccinated controls.
Abbreviation: BMI, Body mass index; NA, Not applicable.

* Metabolic conditions include insulin resistance, prediabetes, type 1/2 diabetes, non-alcoholic steatohepatitis and obstructive sleep apnea;

** Allergy considered self-reported allergic rhinitis (by seasonal, perennial/year-round, or episodic allergens) and food allergy. [Fisher's exact test; Mann Whitney test].

A
rticles

8
w
w
w
.th

elan
cet.com

V
ol78

M
on

th
A
p
ril,2022



Articles
CoV-2, allows for rapid quantification, it enters cells
through pathways of SARS-CoV-2, and does not require
high biosafety containment. Briefly, Vero E6 cells
(ATCC # CRL-1586, RRID:CVCL_0574) grown in 1X
MEM (Gibco #11095-080) supplemented with 10% FBS
(Gibco, #16000-044) were transfected with plasmid
pCEP4-myc-ACE2 (Addgene catalog # 141185) and sta-
ble clones were selected by hygromycin (Invitrogen
#10687010) (400 mg/mL). To assay nAb titres, serial
dilutions of serum samples were incubated with rVSV-
SARS2-S for 1 h at 37 °C. The serum-virus inoculum
was added to Vero E6 hACE2 cells seeded the day before
in optical bottom 96-well plates (Thermo Scientific
#165305) at 80% confluence and adsorbed for 2 h at 37 °
C. Next, the mixture was replaced by culture media and
infection allowed to proceed for 20 h at 37 °C, 5% CO2

and 80% humidity. The cells were then fixed with 4%
formaldehyde (Pierce #28906) and stained in with 40,6-
diamidino-2-phenylindole (DAPI) 300 nM (Invitrogen
#D1306). Viral infectivity was quantified by automated
enumeration of GFP-positive cells (normalizing against
cells stained with DAPI) using a Cytation5 automated
fluorescence microscope (BioTek) and segmentation
algorithms applied from the ImageJ program. Alterna-
tively, total GFP fluorescence per well was acquired
using the Cytation5 fluorescence lector (wavelength for
DAPI 360 nm for absorption, 460 nm for emission and
for GFP, 485 nm for absorption, 526 nm for emission)
and normalized against DAPI fluorescence. The half-
maximum inhibitory concentration (IC50) of the sera,
were calculated from data obtained with two technical
replicates using non-linear regression analysis and the
curve fitting was done using second-order polynomial
(quadratic); and linear regression models (using log10
IC50 transformed data) were done with GraphPad
Prism 5 software.
Statistical analysis
We used a convenience sampling approach and
included n = 37 outpatients and n = 37 hospitalized
SARS-CoV-2 individuals from a total pool of 168
recruited individuals representative of the population of
the Metropolitan region of the country. Of the 74
infected individuals, we included all those that were vac-
cinated through the national COVID-19 immunization
campaign during the longitudinal follow up period, and
hence, there were no a priori criteria for selecting these
individuals. A convenience sampling of uninfected indi-
viduals (n = 50) that were voluntarily vaccinated through
the national COVID-19 immunization campaign, were
also invited to participate in the study. The samples
were assigned an anonymous code and all serological
analyses were performed by scientists that were blinded
in regards to the subject’s clinical condition and time of
sample collection. Our study did not have any a priori
exclusion criteria and hence all individuals with a
www.thelancet.com Vol 78 Month April, 2022
laboratory confirmed SARS-CoV-2 infection or that had
been vaccinated during the study period were invited to
participate in the study. Categorical variables were
expressed as numbers or percentages. Association
between categorical variables was examined with Chi-
squared or Fisher’s exact test. Continuous variables
were expressed in mean, geometric mean and range
and compared with unpaired two-tailed Mann-Whitney
test. Correlation was evaluated calculating the Pearson
correlation coefficient. GraphPad Prism 8 was used for
statistical analysis: *P < 0¢05; **P < 0¢01;
***P < 0¢001; ****P < 0¢0001. We evaluated for
potential cofounding effects on vaccinated individuals
by first performing univariate analysis (Fisher’s exact
test) on all the demographics and clinical features. We
then performed logistic regression with all the demo-
graphic variable and comorbidities. Variables that were
found to be significant were used to perform a multivar-
iate analysis, where the variables age and sex were
included as common potential cofounder variables
affecting immune responses. Relevant multivariate
analyses were plotted as crude and adjusted odds ratio
(OR) for vaccine responder capacity.
Ethics
Patient clinical and epidemiological data, along with
their clinical specimens were collected after informed
written consent was obtained under protocols 16-066
and 200829003, which were reviewed and approved by
the Scientific Ethics Committee for Health Sciences
(CECSaludUC, by its Spanish acronym) at Pontificia
Universidad Cat�olica de Chile (PUC).
Role of funders
The funders of this work had no role in the study
design, management, data collection, data analysis,
interpretation of the data nor the preparation, review, or
approval of this manuscript and decision to submit the
manuscript for publication.
Results

Longitudinal antibody titres induced by natural SARS-
CoV-2 infections
To understand the long-term dynamics of antibody
induction and decay after natural SARS-Cov-2 infection,
we prospectively enrolled 74 individuals (overall mean
age: 44 years [range 14�83, >60 23%]), of whom 37
were outpatient (mild disease mean age: 37 years [range
14�66]) and 37 were hospitalized (moderate [n = 23]
and severe disease [n = 14], mean age: 51 years [range
16�83]) with a confirmed SARS-CoV-2 quantitative RT-
PCR test. These individuals were followed longitudi-
nally for up to 13¢6 months from the onset of symptoms
(demographic and baseline characteristics of the
9
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patients are summarized in Table 1; convalescent sam-
ples were collected between 2 and 414 days after the
onset of symptoms).

To analyse humoral responses longitudinally, to
determine nAb titres we used a microneutralization
assay based on a recombinant vesicular stomatitis virus
carrying a SARS-CoV-2 spike protein,22 that showed
strong correlation (Pearson’s r=0.80, R2 = 0.65,
p < 0.001) with authentic SARS-CoV-2 microneutrali-
zation (Supplementary Figure 4a,b), and evaluated the
induction of anti-N IgG antibodies by ELISA. Regard-
less of disease severity and age, infected individuals
developed robust nAb and anti-N IgG responses dur-
ing the first month. The nAb responses declined over
time but were sustained for up to 13.6 months
(Figure 1a,b), whereas the anti-N IgG titres were detect-
able at least for 9 months (Figure 1c,d). We performed
kinetic analyses with samples from 65 individuals that
were sampled weekly during the first month from
symptom onset (Figure 1a,c; Supplementary Figure 4c,
d). In agreement with previous reports,23,24 hospital-
ized individuals had significantly higher neutralization
titres as compared to outpatients; with peak average
nAb responses at day 25 and at day 23 post-symptom
onset, respectively (Figure 1a and Supplementary
Figure 4c,d). Similarly, the anti-N IgG titres peaked on
days 23 for the hospitalized and day 22 for the outpa-
tient individuals (Figure 1c). We included long-term
longitudinal samples for 67 participants, which
included samples from 58 individuals that were also
analysed during the first month (Figure 1a) and per-
formed nAb and anti-N IgG titre time decay analysis
starting from the respective peak average responses
(Figure 1a,b). Fitting our nAb data to a continuous
decay model, estimated a half time of 147 days (95%
CI = 68.7�322.5 days) for outpatients and 112 days
(95% CI = 76.7�208.1 days) for hospitalized individu-
als (Figure 1b). For the anti-N IgG levels, the decay
model for hospitalized individuals was 118 days (95%
CI = 81�219.9 days) and for outpatients 600 days
(95% CI = 203.8�635.6 days, Figure 1d). We then also
compared longitudinally the antibody titres between
hospitalized and outpatient individuals. Hospitalized
individuals had significantly higher titres of nAbs at
weeks 2�4 and at 3�9 months. However, between
week four and month nine, the nAb GMT decrease of
hospitalized individuals was 15 times compared to
three times for outpatients (Figure 2a). A similar trend
was observed when we assessed the anti-N IgG titres,
which were significantly induced and remained higher
in hospitalized individuals as compared to outpatients
for the first 3 months since onset of symptoms
(Figure 2b). However, these antibodies in the hospital-
ized group showed no significant differences to those
observed for outpatients after 6 months. Noteworthy,
in some individuals we detected basal levels of anti-N
IgGs, above the limit of detection (LOD) but below the
limit of sensitivity (LOS) for the assay, which suggest a
potential previous exposure to seasonal coronaviruses
that have shown to induce cross-reactive anti-N anti-
bodies (e.g. HKU1 or OC43 strains).6 None of the indi-
viduals in the study had evidence of re-infections.
Taken together, while the nAb and anti-N IgG titres
remained higher in the hospitalized patients, these
individuals had a more pronounced decrease over
time. Nonetheless, despite this decrease in titres in
both study groups, all individuals showed long-lasting
responses of circulating nAbs 9�13.6 months after
natural infection.
Antibody responses in previously-infected individuals
after vaccination
Thirty-six of the previously infected individuals (mean
age: 44 years [range 17�83]) included in our longitudi-
nally cohort were immunized during the study period
(Figure 3), while 38 individuals were not immunised
(Supplementary Figure 5). Thus, we analysed the nAb
and anti-N IgG response in these previously infected
individuals after immunization with the two main vac-
cines used in Chile; the CoronaVac (Sinovac) or the
BNT162b2 (BioNTech/Pfizer) vaccines. The previously
infected individuals were vaccinated between 4.2 and
13.3 months (average 9.7 months, Supplementary
Figure 2 and Supplementary Table 1) after the onset of
symptoms for both, the outpatient (20 participants,
Figure 3a,b) and hospitalized groups (16 participants,
Figure 3c,d). Except for three cases, all the previously
infected participants showed an increase in the nAb titres
after receiving one or two doses of the vaccines, suggest-
ing a significant induction of B cell memory response
months after onset of symptoms. Strikingly, the only
three individuals (age range 29�63 years) that lacked an
induction of nAbs responses were obese (3/10 obese par-
ticipants), including an outpatient (Figure 3a, light green
patient) or two hospitalized participants (Figure 3c, grey
and cyan patients). For these individuals we only had a
previous sample 5.6 to 10.7 months prior to vaccination
(Figure 3a�c), and hence no clear conclusions can be
drawn about the trajectory of their nAb titres. Notewor-
thy, one of these participants had a marked decrease in
nAb titre after two doses of the vaccine (IC50 563.9 to
31.0; Figure 3c, cyan patient). Univariate analysis of obe-
sity as a cofounding factor for responding to vaccination
in the previously infected group showed statistical signifi-
cance (Table 1). Unexpectedly, regardless of the time of
vaccination or severity anti-N IgG were only modestly
boosted and in only in some previously infected patients
upon immunization with the CoronaVac vaccine
(Figure 3b�d).

To establish statistical comparisons of the antibodies
induced by immunization in previously infected indi-
viduals with these two widely used vaccines, we grouped
the nAbs and anti-N IgG titres before and after being
www.thelancet.com Vol 78 Month April, 2022
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vaccinated with CoronaVac or BNT162b2, and related
them to antibody titres which these patients had
reached during convalescence (Figure 4a,b). Given that
there is yet no clear definition of the time frame in
which protective nAb titres during convalescence
should be considered, we took the peak maximal titres
from our own data and its longitudinal decay, as well as
the normalized data reported by Khoury et al.12 No sta-
tistical differences were observed when we considered
days ranges from 14 to 21, 14 to 28 and 10 to 37 since
the initiation of symptoms (Supplementary Figure 3).
Hence, we included the more dogmatic seroconversion
data for the first 14-28 days post-infection for outpa-
tients and hospitalized individuals (outpatients
GMT = 681.2 [95% CI = 430.7�1077 GMT]; hospital-
ized GMT = 3232 [95% CI = 1984�5,266 GMT];
Figure 4a�c). There were only 7 samples available from
previously infected individuals vaccinated with one dose
of CoronaVac, therefore analysis of additional samples
would be needed to further evaluate the boosting capac-
ity of a single dose. After the second dose of the Corona-
Vac vaccine in previously infected individuals, the
average nAb increase since the pre-vaccine time point
was 12 times among outpatients (pre-vaccine
GMT = 174 [95% CI = 81.2�372 GMT], second dose
GMT = 2057.3 [95% CI = 987.7�4,285 GMT]) and five
times among hospitalized (pre-vaccine GMT=700.8
[95% CI=171.9�2,856.8 GMT], second dose
GMT = 2113.6 [95% CI = 412.9�10,018.7 GMT];
Figure 4a). When compared to the 14�28 day conva-
lescent titre, the pre-vaccination titres (Vacc Dose 0) of
outpatients and hospitalized individuals were signifi-
cantly lower. However, only the previously infected out-
patients group immunized with two doses of
CoronaVac generated a significant increase in titre,
which re-established them to levels comparable to the
convalescent titres (Figure 4a). In general, hospitalized
individuals had sustained higher antibody levels at the
time of vaccination, however; while immunization with
CoronaVac generated a measurable nAb titre increase
in most of these individuals, the overall level of induc-
tion was not significant (Figure 4a).

When we assessed the induction of anti-N IgG of
these previously infected individuals after immuniza-
tion with CoronaVac, surprisingly there was no increase
in titre in the outpatients as compared to their conva-
lescent levels, and only a modest increase in titres was
observed in the hospitalized group (Figure 4b), suggest-
ing that this inactivated virus vaccine is a poor inducer
of anti-N antibodies. There were only 6 cases of previ-
ously infected individuals that were immunized with
BNT162b2 (3 outpatient and 3 hospitalized) and there-
fore we had insufficient statistical power to perform any
further analyses. Nonetheless, as previously reported,
the general pattern in these individuals showed an
induction in their nAbs (Figure 4a)25 and as expected
no increases in anti-N IgGs were observed (Figure 4b).
www.thelancet.com Vol 78 Month April, 2022
Induction of antibody responses in naïve individuals
through vaccination
To compare the antibody titres of previously infected
individuals at convalescence and after vaccination to
those of healthy naÿve (SARS-CoV-2 seronegative) indi-
viduals immunized with one and two doses of either
vaccine representing similar demographic characteristic
(CoronaVac, 35 participants, mean age: 36 years [range
21�80] or BNT162b2, 15 participants, mean age:
34 years [range 15�53]; Figure 4c,d, Table 1), we deter-
mined the overall GMT antibody titre of both groups;
outpatients (OP) and hospitalized (HP) individuals. For
a broader point of comparison and to establish signifi-
cant differences among all groups, in our analyses we
also included the combined 14-28 day convalescent anti-
body titres from all previously infected individuals
(Total, Figure 4c,d) representing the broad diversity of
nAbs after natural infection (14�28 days
GMT = 1596.9).

The induction of nAbs in naÿve individuals vacci-
nated with CoronaVac (one dose GMT = 21.9; two doses
GMT = 311.9) were lower to those of the combined titres
of convalescent patients (Figure 4c). These lower levels
were highly significant when we compared to those of
hospitalized individuals (GTM = 3232.2) and to a lesser
extent when compared to the outpatient group
(GTM=681.2). Overall, this indicated that the nAb levels
induced by CoronaVac were significantly lower to those
generated after natural infection (Figure 4c), likely due
to the high levels of viral replication in infected individ-
uals.24 In addition, three out of 35 individuals immu-
nized with CoronaVac did not seroconvert. Naÿve
individuals vaccinated with BNT162b had similar nAb
titres after one dose (GMT = 465.7), but much higher
titres after two doses (GMT = 8387.5) as compared to
convalescent patients. This also indicated that one dose
of the BNT162b vaccines induces similar nAb levels
than immunization with two doses of CoronaVac. On
the other hand, individuals with two doses of the
BNT162b vaccine reached levels that were significantly
higher to those of the convalescent outpatients and hos-
pitalized combined, being most similar to those titres
observed in the hospitalized group at convalescence or
after these individuals were immunized with two doses
of CoronaVac (Figure 4c). When we evaluated the
induction of anti-N IgG through immunization with
CoronaVac in naÿve individuals, there were only a few
individuals that had a detectable increase in titres after
the second dose (Figure 4d). The overall anti-N IgG
titres in vaccinees were significantly lower as compared
to the combined or hospitalized convalescent titre but
similar to that induced in convalescent outpatients after
natural infection. As expected, no variation in anti-N
titres was observed in individuals immunized with the
BNT162b vaccine.

Since three naÿve individuals did not respond to
immunization, we assessed for potential cofounding
11
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factors affecting vaccine response. There were no demo-
graphic or clinical variables associated with either sero-
convertion or lack of antibody induction in the naÿve
immunized group. We further analyzed all the vaccinee
data, by including the previously infected and naÿve-vac-
cinated participants together, two variables associated
with a lack of vaccine response, age and obesity (Supple-
mental Table 2). Remarkably, logistic regression and
multivariate analyses confirmed obesity as an underly-
ing comorbidity affecting vaccine response (Supplemen-
tal Figure 6).
Neutralizing levels induced by CoronaVac and
BNT162b2 vaccines and estimates of predictive
efficacy
To assess the association of the nAbs titres from our
study to the reported protection by the CoronaVac and
BNT162b2 vaccines, we used the logistic models of
Khoury et al.12 and Earle et al.13. In these models, the
nAbs titres of the different studies were normalized to
the mean convalescent titres of the same study, and
compared against the corresponding protective efficacy
reported from the phase 3 clinical trials. Hence, to ana-
lyse our data with these models, we calculated the mean
neutralization level induced by the vaccines as a fold
comparison to the combined convalescent titres of indi-
viduals at 14-28 days post-symptom onset
(GMT = 1597). The mean titre induced by two doses of
CoronaVac was 0¢2 times that of convalescent individu-
als, whereas two doses of the BNT162b vaccine resulted
in 5.25 times, representing a highly significant differ-
ence in the neutralization levels induced by both vac-
cines. By extrapolating these data to the mathematical
models, the estimated predicted efficacy for CoronaVac
was »50% and for BNT162b was »97%, suggesting
that our independent data confirms the difference in
predictive protection reported previously for both
vaccines.26,27
Discussion
We found long-lasting nAb titres that persist for at least
13.6 months after the onset of symptoms in both, outpa-
tient and hospitalized individuals. This is in agreement
with the detection of SARS-CoV-2 spike-specific long-
lived bone marrow plasma cells 7-8 months post-symp-
tom onset.28 Our cohort study provides empirical data
showing that long-lasting nAb responses induced
through natural infection can be significantly boosted
after immunization with CoronaVac or BNT162b2 vac-
cines, when administered up to 13.3 months since the
onset of COVID-19 symptoms, suggesting that infection
induces a robust B-cell memory response. Such
responses have been well characterized in infected
individuals28,29 and are also critical for the durability of
protection in vaccinated individuals.30,31 Importantly,
the decay of nAbs titres after infection seen over time in
our study and reported by other groups,3,12,28 suggests
that booster immunization strategies of previously
infected individuals should be considered and might be
required to control the pandemic and prevent re-infec-
tion with new variants of concern (VOC) in subsequent
years.

Our longitudinal data indicates that infected individ-
uals generated robust nAb and anti-N IgG titres. Inter-
estingly, hospitalized individuals had significantly
higher titres when evaluated longitudinally throughout
the study period, which is likely due to sustained higher
viral loads observed in these individuals.24 There was a
more pronounced decay of both antibody titres in the
hospitalized population as compared to the outpatient
group. Of note, individuals in the hospitalized group
were »14 years older, which might explain the faster
decay in this group (Figure 1 and Table 1). While nAbs
were significantly boosted with two doses of CoronaVac
in the previously infected group, surprisingly there was
no or only moderate induction of anti-N IgG in any of
the previously infected individuals (Figs. 3 and 4). Simi-
larly, there was poor induction of anti-N antibodies after
vaccination of naÿve individuals with CoronaVac, overall
confirming that this vaccine is a poor inducer of anti-
body responses against this protein.32�34 This is impor-
tant to note, given that the protection afforded by
CoronaVac is most likely due to the induction of nAbs
responses, and additional immune mechanisms such
as Fc-effector functions and T-cell immunity, which
contribute to improve disease outcome.15,16

The correlates of protection against SARS-CoV-2 are
currently unknown. However, current evidence of re-
infections with the same virus variant remains limit-
ed.7,35�37 However this is a situation that continues to
evolve given the emergence of VOCs such as Gamma,
and Delta, which have shown significant reduction in
cross-reactive neutralizing titre, and have generated
increased rates of re-infection in some regions of the
world,38�40 a scenario that remains to be fully evaluated
with the new VOC, Omicron. To further strengthen
models for protective correlates, additional comparative
analyses of nAb titres of vaccinated individuals and bet-
ter-defined standards for convalescent sera that incorpo-
rate titre variations due to disease severity and decay
over time are needed. The current study provides a
unique dataset and a direct comparison of longitudinal
convalescent nAb titres to those of individuals immu-
nized with two different vaccine formulations approved
by the WHO and are currently being widely used. These
comparative data is of crucial value to establish the rela-
tionship between neutralization level and efficacy
against symptomatic SARS-CoV-2 infection, as recently
proposed.12,13

The calculated mean GMT induced by vaccination of
naÿve individuals with CoronaVac and BNT162b2 were
0.2 and 5.5 times, respectively, that of convalescent titres
www.thelancet.com Vol 78 Month April, 2022
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at 14�28 days post-symptom onset. This suggests that
the antibody response in previously uninfected individ-
uals vaccinated with CoronaVac was significantly lower
compared to individuals who have recovered from
SARS-CoV-2 infection.2,3,41 As shown, more severe indi-
viduals had higher antibody titres, which other studies
have been associated with increased replication and dis-
ease burden.24 Although lower titres are seen in Coro-
navac vaccinated individuals, as compared to natural
infected individuals, this data indicates that immuniza-
tion by this vaccine affords protection from COVID-19,
as shown in recent vaccine effectiveness studies in
Chile.42 The BNT162b2 vaccine induced titres that were
higher and more similar to the titre of hospitalized con-
valescent patients. Based on these titres, the predicted
efficacy by the mathematical model of Khoury et al. and
Earle et al. suggested a »50% protection from symp-
tomatic disease for CoronaVac and 97% for BNT162b2.
While this predicted efficacy coincide well with the
reported phase 3 trial of 95% for BNT162b2,43 for the
CoronaVac vaccine the 50% prediction is lower com-
pared to clinical data showing protection of 50�84%
depending on the geographic location.11 Interestingly in
our study, we determined nAb in sera collected from
vaccinated individuals at 20�30 days post first dose and
at 13�19 days after the second dose since immuniza-
tion. The large real-life effectiveness data reported from
Chile for BNT162b2 was 92.6% and for CoronaVac was
62.8�64.6%,42 which considered a similar timing post
vaccination to evaluate effectiveness (e.g. those individu-
als who were partially immunized [�14 days after
receipt of the first vaccine dose and before receipt of the
second dose], and those who were fully immunized
[�14 days after receipt of the second dose] allowing us
to compare both parallel results. In contrast, in the
CoronaVac clinical trial from Turkey, which represented
a smaller sample size and included a large number of
elderly individuals, among other differences, the
reported protection was as high as 84%.44 While the
prediction models correlated fairly well with the
observed efficacy for most vaccines, Khoury et al.
reported a less optimal correlation for the CoronaVac
vaccine as these data points were towards the lower end
of the logistic model. Hence, additional data such as the
data provided from this study along side with real life
efficacy data, may strengthen such models. Our study
indeed suggests that lower nAb titres might still afford
protection from disease. Moreover, approximately 10%
of the individuals vaccinated with CoronaVac did not
seroconvert, which has also been reported by others.45

This is in line with the notion that even lower nAb titres
can be sufficient to protect from severe disease.12

Hence, additional cellular immune responses, such as
T-cell immunity and Fc-effector mechanisms might
also contribute significantly to protection. Thus, addi-
tional assessment of the correlates of protection induced
by this and other vaccines warrants further
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investigations. Of note, our analyses revealed that obe-
sity was a risk factor affecting seroconversion after
immunization (Table 1 and Supplemental Figure 6 and
Supplemental Table 2). Obesity has been reported to be
a comorbidity associated with an increased risk of devel-
oping severe COVID-19,46,47 and increased body mass
index (BMI) has been associated with decreased IgG lev-
els.48 Hence, further studies to monitor the induction
and decay of nAbs after vaccination in this population
are needed.

Our study has some limitations. Firstly, it is a small
longitudinal cohort representing a limited number of
individuals tested out of the population diagnosed with
COVID-19 in Chile during the study period. Moreover,
it is currently uncertain how these results compare to
the overall antibody levels induced by the CoronaVac
and BTN162b2 vaccines in the general population, and
hence, a larger study would be needed to draw further
conclusions. In addition, we used a convenience sam-
pling approach to rapidly recruit naÿve vaccinated indi-
viduals. While the overall demographics of this group
was highly similar to the previously infected immu-
nized group, the average age of the naÿve group was
9 years younger. Given that age is a known factor affect-
ing vaccination response (Supplemental Figure 6), fur-
ther assessment of the effect of age, obesity and other
comorbidities in vaccines response in the general popu-
lation are warranted. In addition, at the time of this
study Chile had vaccinated >75% of its population,
mainly with CoronaVac (https://deis.minsal.cl/), and
saw a drastic reduction of COVID-19 cases (epidemio-
logical weeks 24�31), even while the predominant circu-
lating variants were Gamma (P.1 VOC; at 75%
frequency) and Lambda (C.37 variant of interest; at 20%
frequency) (https://vigilancia.ispch.gob.cl/app/varco
vid). Noteworthy, in South America and Chile, there
seemed to be distinct dynamics (apparently delayed) of
the introduction of the Delta VOC as compared to other
countries in the Northern Hemisphere. Thus, our data
suggest that the immunity (humoral and B cell mem-
ory) induced by immunization with CoronaVac in the
general population was capable of reducing the circula-
tion of the SARS-CoV-2 strains including two recently
emerged variants. However, this data also suggest that a
larger proportion of the population would need to be
immunized with CoronaVac to have an impact in the
circulation of the virus and afford community level
immunity, as compared to other vaccines. In fact, Chile
has now (epidemiological week 9, 2022) reached >93%
of its population vaccinated, and saw a very small peak
of the Delta VOC in mid-November (epidemiological
week 47) and a large peak of the Omicron VOC, but
with reduced hospitalizations and severe cases. None-
theless, Chile has also used other vaccines (Ad5-nCoV;
Cansino, ChAdOx1 nCoV-19; AstraZeneca) and started
to offer booster doses of BNT162b and ChAdOx1 nCoV-
19 in mid-August (epidemiological week 33, 2021) to all
13
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individuals vaccinated 6 months earlier (https://deis.
minsal.cl/). Hence, the direct independent effect of
CoronaVac on herd immunity cannot be estimated.

Booster vaccination schemes seem fundamental,
especially when the nAb decay over time is taken into
consideration, as shown in our longitudinal study of
infected individuals (half times »112 to »147 days) or
longitudinal vaccine cohort studies.49 Such a decay is of
particular concern when considering that the Corona-
Vac vaccine induces low initial nAb titers. This suggests
that vaccination with CoronaVac will require booster
doses within shorter time frames as compared to other
vaccines, and therefore this data contributes to further
defining the proper strategies and timing to implement
boost immunizations for the general population.10

The WHO Strategic Advisory Group of Experts on
Immunization (SAGE) in June 1st, 2021 authorized the
CoronaVac for emergency use (https://www.who.int/
news/item/01-06-2021-who-validates-sinovac-covid-19-
vaccine-for-emergency-use-and-issues-interim-policy-rec
ommendations). In this context, our data are highly rel-
evant for the COVAX initiative and the developing
world (e.g. 50 countries that have already authorized
CoronaVac, including being extensively used in Chile,
Turkey, Brazil, China and Indonesia). Further studies
to determine and monitor the long-term duration of
nAbs against SARS-CoV-2 induced by different vaccine
formulations and against emergent variants are war-
ranted.
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