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Six-month follow-up of a booster dose of
CoronaVac in two single-centre phase 2 clinical
trials
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Determining the duration of immunity induced by booster doses of CoronaVac is crucial for
informing recommendations for booster regimens and adjusting immunization strategies. In
two single-centre, double-blind, randomised, placebo-controlled phase 2 clinical trials,
immunogenicity and safety of four immunization regimens are assessed in adults aged 18 to
59 years and one immunization regimen in adults aged 60 years and older, respectively.
Serious adverse events occurring within 6 months after booster doses are recorded as pre-
specified secondary endpoints, geometric mean titres (GMTs) of neutralising antibodies one
year after the 3-dose schedule immunization and 6 months after the booster doses are
assessed as pre-specified exploratory endpoints, GMT fold-decreases in neutralization titres
are assessed as post-hoc analyses. Neutralising antibody titres decline approximately 4-fold
and 2.5-fold from day 28 to day 180 after third doses in adults aged 18-59 years of age and in
adults aged 60 years and older, respectively. No safety concerns are identified during
the follow-up period. There are increases in the magnitude and duration of humoral response
with homologous booster doses of CoronaVac given 8 months after a primary two-dose
immunization series, which could prolong protection and contribute to building our wall of
population immunity. Trial number: NCT04352608 and NCT04383574.
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ue in part to waning immunity and diminished protection

over time following primary immunisation!=3, particu-

larly against the Delta (B.1.617.2) variant of SARS-CoV-2,
many countries and regions are experiencing surges in COVID-
19 cases. Booster doses given at 6-8 months after a primary
schedule have been shown to increase neutralisation antibody
levels against wild-type virus and reduce the immunity gap
between wild-type virus and variants of concern®>. Extended
primary immunisation series were recommended by the World
Health Organisation®, especially for those at high risk of severe
COVID-19 disease, and booster-dose programmes have been
initiated in dozens of countries. With gradual understanding of
the epidemiological parameters and immune escape potential of
the Omicron variant (B.1.1.529), it is of critical importance to
assess the protection and persistence of protection that current
COVID-19 vaccines can provide.

Interim study results suggest that rates of confirmed infection
and severe illness caused by the Delta variant could be sig-
nificantly reduced in the short term following booster doses”-S.
However, no experimental data on the long-term kinetics of
neutralisation titres have been reported, even though in-vitro
neutralisation titres are important predictors of protection from
SARS-CoV-2 variants®!0. As CoronaVac is a commonly used
vaccine and is contributing to the fight against the pandemic,
assessing the duration of immunity following booster-dose
administration will be important for improving and updating
immunisation strategies. The 3 ug dose is the licensed formula-
tion, and an additional (third) dose is recommended to be offered
6 months after the two-dose primary schedule. We conducted a
study to assess immune persistence after a homologous booster
dose of CoronaVac given 8 months after the 2nd dose of a two-
dose primary immunisation series in two population groups:
adults aged 18-59 years and adults aged 60 years or older.
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Results

In phase-2 clinical trial among 600 healthy adults aged 18-59
years, 129 (92.8%) of 139 participants from cohort la-14d-2m
and 126 (96.9%) of 130 participants from cohort 2a-28d-2m
completed blood sampling to assess immune persistence for 1
year after dose 3 among those assigned a primary third dose.
Separately, 135 participants in cohort 1b-14d-8m (95.7% of the
141 participants assigned a booster dose) and 124 participants in
cohort 2b-28d-8m (95.4% of the 130 participants assigned a
booster dose) completed blood sampling to assess immune per-
sistence for 6 months after dose 3. In phase-2 clinical trial among
a total of 350 healthy adults aged 60 years and older, 283 (93.4%)
of 303 participants who received a booster dose from cohort 3-
28d-8m completed a 6-month follow-up after dose 3. Supple-
mentary Fig. 1 shows the trial profile. Baseline characteristics of
participants are shown in the reports of main findings for these
two trials!1-13, Baseline demographic characteristics of partici-
pants who received third doses between the study groups were
similar (Supplementary Table 1).

There were 141 minor protocol deviations in cohort 1b-14d-8m
and 1 minor protocol deviation in cohort 3-28d-8m that did not
result in the exclusion of participants from the analysis, including
141 participants in cohort 1b-14d-8m who were given third doses
9-11 days outside of the pre-specified time window, and 1 par-
ticipant in cohort 3-28d-8m who was given a second dose 5 days
outside of the pre-specified time window (Supplementary Fig. 1).

Compared to antibody concentrations on day 28 after the booster
dose, neutralization titer declined 3-4-fold by 6 months after the
booster dose, which was given 8 months after a two-dose primary
vaccination regimen in adults aged 18-59 years. In the 3 pg group
in cohort 2b-28d-8m, GMTs decreased from 143.3 (95% CI
112.3-182.8) on day 28 to 36.4 (95% CI 28.7-46.1) on day 180 after
a booster dose (Fig. 1 and Supplementary Fig. 2, Supplementary
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Fig. 1 Neutralising antibody levels to ancestral SARS-CoV-2 in cohort 2b-28d-8m (adults aged 18-59 years old). The number of participants for each
group (placebo group, pink; 3 pg group, green; 6 ug group, blue) at each visit included in the analysis is provided below the bars. Dots are reciprocal
neutralising antibody titres for individuals in the per-protocol population. Numbers above the bars are geometric mean titres (GMTs), and error bars
indicate 95% Cls. GMTs and corresponding 95% Cls were calculated on the basis of standard normal distributions of log-transformed antibody titres.
Numbers above the short horizontal lines are p values for comparisons between 3 pg group and 6 pg group using group t tests with log-transformation
(two-sided). Titres lower than the limit of detection (1:4) are presented as half the limit of detection. The dotted horizontal line represents the protective

threshold (1:33).
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Table 2). With the exception of baseline and day 180 after dose 2,
GMTs at other timepoints in cohort 2b-28d-8m were significantly
higher in the 6 pug group than in the 3 ug group (Supplementary
Fig. 2 and Supplementary Table 2). GMTs decreased from 137.9
(95% CI 99.9-190.4) on day 14 to 33.4 (95% CI 25.0-44.6) on day
180 after booster doses in cohort 1b-14d-8m (Fig. 1, Supplementary
Fig. 2 and Supplementary Table 2). GMTs in cohort 1b-14d-8m on
day 180 after the booster dose were significantly higher (P = 0.02) in
the 6 ug group than in the 3 ug group; there were no significant
differences between the two-dose amounts at other timepoints
(Supplementary Fig. 2 and Supplementary Table 2). Regardless of the
interval between the first two doses and antigen amount, by 1 year
after a primary third dose, GMTs in vaccination groups were all at
least twofold above the detection limit in cohort la-14d-2m and
cohort 2a-28d-2m. There were no significant differences in GMT's
between the 3 pg groups and the 6 g groups at 1 year after dose 3 in
the two cohorts (Supplementary Fig. 2 and Supplementary Table 2).

A similar pattern was observed in cohort 3-28d-8m, in which
neutralisation titres declined from 158.5 [95% CI 96.9-259.1] on
day 28 to 53.2 [95% CI 39.7-71.1] on day 180. GMTs on day 180
after the booster dose were highest in the 6 pug group (GMT 91.2
[95% CI 71.5-116.3], P<0.0001), followed by the 3 pg group
(Fig. 2 and Supplementary Table 3). In the 3 ug group and the
6 ug group, GMTs 6 months after booster doses among older
adults (60 years and older) were numerically higher than among
younger adults (18-59 years old), but without a statistical dif-
ference (P = 0.05). Results of sensitivity analyses showed that the
use of average dilutions has no significant impact on the values of
neutralisation antibody titre (Supplementary Tables 4-7).

GMT fold decreases during the 6 months after primary two doses,
primary three doses, and booster doses were compared among
vaccination groups, calculated as the ratio of GMT on day 28 to

GMT on day 180 after the specific dose. Taking the 3 pg group in
cohort 2b-28d-8m as an example, the GMT fold decrease between
day 28 and day 180 after a booster dose (4.1-fold) was significantly
lower than that observed between day 28 and day 180 after the
second dose (6.8-fold; P =0.0007; Fig. 3), which was numerically
lower than that of day 28 and day 180 after primary three doses in
cohort 2a-28d-2m (4.9-fold; P = 0.35; Supplementary Fig. 3). GMT
fold decreases between day 28 and day 180 after the second dose
were similar in cohort 1b-14d-8m (7.3-fold) and cohort 2b-28d-8m
(6.8-fold; P = 0.75; Supplementary Fig. 3), regardless of the interval
of first two doses. Likewise, the GMT fold decrease between day 28
and day 180 after the booster dose (2.5-fold) was significantly lower
than that between day 28 and day 180 after the second dose (10.7-
fold; P < 0.0001; Fig. 3). Compared with adults aged 18-59 years old
(cohort 2b-28d-8m), the GMT fold decrease was greater in adults
aged 60 years and older (cohort 3-28d-8m) after primary two doses
(6.8-fold vs 10.7-fold, P = 0.03), but was lower after booster doses
(4.1-fold vs 2.5-fold, P <0.0001; Fig. 3). There were no significant
differences in GMT fold decreases between the 3 ug groups and 6 ug
groups after booster doses among all the vaccination groups, irre-
spective of vaccination schedules and age grouping (Fig. 3, Supple-
mentary Fig. 3 and Supplementary Fig. 4).

Serious adverse events that occurred from the beginning of
immunisation to 6 months after second doses in cohort 1b-14d-
8m, cohort 2b-28d-8m, and cohort 3-28d-8m, and that occurred
from the beginning of immunisation to 6 months after third
doses in cohort la-14d-2m and cohort 2a-28d-2m have been
reported previously!3. During the 6-month follow-up after
booster doses in cohort 1b-14d-8m, cohort 2b-28d-8m, and
cohort 3-28d-8m, serious adverse events were reported in one
(2%) of 52 participants in the 3 ug group in cohort 2b-28d-8m
(Supplementary Table 8), in four (5%) of 85 participants in the
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Fig. 2 Neutralising antibody levels to ancestral SARS-CoV-2 in cohort 3-28d-8m (adults aged 60 years and older). The number of participants for each
group (placebo group, pink; 1.5 pg group, yellow; 3 pg group, green; 6 pg group, blue) at each visit included in the analysis is provided below the bars. Dots
are reciprocal neutralising antibody titres for individuals in the per-protocol population. Numbers above the bars are geometric mean titres (GMTs), and
error bars indicate 95% Cls. GMTs and corresponding 95% Cls were calculated on the basis of standard normal distributions of log-transformed antibody
titres. Numbers above the short horizontal lines are p values for comparisons between the 1.5 pug group, the 3 pg group and the 6 pg group using ANOVA
models with log-transformation. Bonferroni correction done as a post hoc test if the variance was significant. Only P values indicating significant differences
are marked. Titres lower than the limit of detection (1:4) are presented as half the limit of detection. The dotted horizontal line represents the protective

threshold (1:33).
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Fig. 3 Decline in neutralising antibodies to ancestral SARS-CoV-2 in 3 pug groups in cohort 2b-28d-8m and cohort 3-28d-8m. The number of
participants with paired samples for adults aged 18-59 (green) and adults aged 60 and over (blue) was 49 and 29, respectively. Numbers above the bars
are geometric mean titres (GMTs), and error bars indicate the 95% Cls. The dotted horizontal line represents the protective threshold (1:33). Numbers
above the short horizontal lines are pairwise fold-change values. GMTs and corresponding 95% Cls were calculated on the basis of standard normal
distributions of log-transformed antibody titres. GMT fold decreases in neutralisation titre were calculated as ratios of paired sera at two visits.
Comparisons between groups were conducted by group t tests with log-transformation (two-sided). P values of pairwise comparisons were P < 0.00071,

P<0.0001, P<0.0001, P=0.0187, from left to right, respectively.

1.5 pg group, in five (6%) of 90 in the 3 pg group, in three (4%) of
81 in the 6 ug group, and in two (4%) of 47 in the placebo group
in cohort 3-28d-8m (Supplementary Table 9). No participant in
cohort 1b-14d-8m reported a serious adverse event. No serious
adverse event in either trial was considered by the investigators to
be related to vaccination, and no pre-specified trial-halting rules
were met.

Discussion

Following a primary three-dose regimen for immunisation,
neutralisation antibody levels declined 6 months later and
remained stable during the next 6 months. Neutralisation anti-
body levels were substantially increased by booster doses given
8 months after primary two-dose regimens and were maintained
over the following 6 months—comparable with levels after pri-
mary two-dose immunisation regimens. When booster doses
were given 8-month after primary immunisation, the decay rates
of neutralisation titres over the 6 months after booster-dose
administration were much slower than that after primary two-
dose regimens regardless of age group and antigen amount.
Memory B cells are known to proliferate and produce antibodies
that maintain immunity after repeated exposure to antigens—a
phenomenon that likely maintains protection and contributes to
building our wall of population immunity.

Observed GMT fold decreases during the 6 months follow-
ing primary two doses in the two age groups in our CoronaVac
study were in line with results of a BNT162b24 vaccine study,
which were 6.0-fold in 18-55 years of age and 13.1-fold in
65-85 years of age from 7 days after dose 2 to before dose 3
(7.9-8.8 months after dose 2). We found that GMT fold
decreases after booster doses were lower and neutralisation
titres 6 months after booster doses were numerically higher
in adults aged 60 years and older (cohort 3-28d-8m) than in
adults aged 18-59 years old (cohort 2b-28d-8m), which is in

contrast with common sense that immune responses to vac-
cination are generally weaker in older adults!4. Notably, dif-
ferences were small and there was overlap between younger
adults and older adults in neutralising activity against SARS-
CoV-2 viruses in the mRNA-1273 vaccine recipients!>. Age did
not appear to compromise antibody response, even after
accounting for severity among COVID-19 patients!®. More
experimental data are required to address the age heterogeneity
of long-term neutralisation dynamics following vaccination.

A meta-analysis that summarised immune escape potential of
different SARS-CoV-2 variants against immunity induced by
both natural infection and vaccination showed that the average
fold reduction of neutralising antibody level against the Delta
variant was 2.4 (95% CI: 1.1-5.2) for inactivated vaccines in live
virus neutralisation assays when compared to that of prototype
strains!”. However, for individuals vaccinated with CoronaVac,
the average reduction against Delta was 9.2-fold compared with
the prototype strain using authentic virus neutralisation assay!$.
Currently, there are no available data for immune evasion of the
humoral immunity elicited by inactivated vaccines for the
recently emerged Omicron variant. One report showed that sera
from individuals who received two doses of BNT162b2 exhibited
an average 25-fold reduction in neutralisation titres against the
Omicron variant compared to wild-type virus when using a
pseudovirus neutralisation test!®. Another study showed a higher
fold reduction of 41.4 for the Omicron variant among individuals
with previous infection or vaccination20.

Even though neutralisation titres induced by COVID-19 vac-
cines decline over time and against variants, vaccine effectiveness
against severe COVID-19 illness is sustained, including against
severe outcomes caused by Delta?!. Although the limited available
evidence shows that the immune escape of Omicron is significant,
vaccine effectiveness against hospitalisation may be well main-
tained. Booster vaccination with current vaccines increases the
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affinity of antibody and neutralisation potency better than that
achieved with primary vaccination only, and this effect can likely
be predicted to provide robust protection from severe infection
outcomes from the current SARS-CoV-2 variants of concern’.
One recent study reported that a moderate to high vaccine
effectiveness against mild infection of 70-75% was seen in the
early period after a booster dose of BNT162b2 following either
ChAdOx1-S or BNT162b2 as a primary series, despite the longer
intervals after primary vaccination??, underscoring the necessity
of timely administration of a booster dose.

Higher antigen content appeared to induce higher neutralisation
titres and maintain higher levels in the 6 months of follow-up after
booster doses in the medium term. This implies that vaccines
containing higher antigen content (i.e. 6 p1g) could be considered for
booster immunisation programmes. Heterologous booster vacci-
nation has been shown to induce strong humoral responses and
augment neutralisation potency?>24, At 4-8 months after primary
immunisation with CoronaVac, a significantly higher degree of
humoral immunogenicity against the prototype strain and the
Gamma, Beta, and Delta variants was observed following a third
dose of ZF2001 (a protein subunit vaccine manufactured by Anhui
Zhifei Longcom Biopharmaceutical)!8. A heterologous prime-boost
regimen with Convidecia (a type-5-adenovirus-vectored COVID-19
vaccine manufactured by CanSino) after priming with CoronaVac
3-6 months earlier induced approximately 5.9-fold higher live virus
neutralising antibodies than homologous boosting induced?>. By
identifying various forms of antigens from vaccines made on dif-
ferent platforms, the immune system apparently can be trained to
produce a more balanced and comprehensive immune response
that enhances the effect of current vaccines through heterologous
immunisation strategies. Heterologous boosting has clear policy
implications, as it can provide solutions to curb the pandemic of
emerging variants before developing new vaccines. It should be
noted there are no large-scale heterologous immunisation practices
until recently, and more high-quality safety and effectiveness
research evidence is required to improve immunisation strategies.
In addition, several research studies have shown that extended
dosing intervals generate more favourable immune responses>2°.
“Mix-and-match” regimens and longer dosing interval strategies
may also be helpful in lower-income countries, where some vac-
cines may be in short supply some of the time. With much of the
world yet to be vaccinated, re-doubling our efforts for equitable and
speedy vaccine delivery on a global scale and improving initial
vaccination coverage should be our primary focus.

Immune memory is what leads to long-term immunity, but it is
difficult to predict how long immunity will last because the exact
mechanisms of protective immunity against SARS-CoV-2 or
COVID-19 are still not clear. The 6-month marker in our study is
an important milestone, but long-term immune response and
effectiveness need to be continuously monitored into the fore-
seeable future.

Our study has several limitations. First, T-cell responses and
neutralisation tests in vitro against emerging variants were not
assessed in our study; these should be further explored. Second,
multicentre studies will be needed to assess primary outcomes
among subpopulations for whom our study had relatively small
proportions, for example, people with multiple underlying condi-
tions or immunosuppressive conditions. Third, the follow-up
time of our study is relatively short. However, timely reporting of
follow-up data is very important for ongoing adjustment of
immunisation strategies in the context of a pandemic with frequent
emergence of variants. Fourth, although neutralising antibodies are
related to protection, actual protection from infection with current
and future variants will need to be monitored with real-world
observational studies. Further research to identify correlates of
protection is essential.

In conclusion, a homologous booster dose of CoronaVac given
8 months after 2nd dose of the primary two-dose immunisation
recalls robust neutralisation antibody levels and significantly
delays antibody attenuation in adults aged 18 years and older.
More experimental and long-term monitoring data are needed to
optimise the selection of booster doses and booster-dose intervals
to most effectively combat the pandemic.

Methods

Study design and participants. The study designs and methods for these two
phase II trials have been previously reported!!. Key exclusion criteria for trial
enrolment included suspected or laboratory-confirmed SARS-CoV-2 infections
and known allergy to any vaccine component. A complete list of exclusion criteria
is in the protocol in Supplementary Material. All participants gave written
informed consent to participate in the study before administration of first doses
and booster doses. The two trials were registered with ClinicalTrials.gov,
NCT04352608 and NCT04383574.

Briefly, the initial trial involving 600 healthy adults aged 18-59 years old in a
single-centre, double-blind, randomised, placebo-controlled, phase-2 clinical trial
conducted from May 3, 2020 in Suining county, Jiangsu province, China. Following
enrollment, participants were randomised to receive three doses of either 3 pg of
CoronaVac, 6 ug of CoronaVac, or placebo with an interval of 14 days or 28 days
between the first two doses and 2 months or 8 months between the second and
third doses; the respective study groups were cohort la-14d-2m, cohort 1b-14d-
8m, cohort 2a-28d-2m, and cohort 2b-28d-8m. One hundred fifty participants were
assigned to each cohort, and 3 pg or 6 pg of CoronaVac or placebo were randomly
assigned in a 2:1:1 allocation ratio.

The other trial, involving 350 healthy adults aged 60 years and older, was a
single-centre, double-blind, randomised, placebo-controlled, phase-2 clinical trial
conducted from June 12, 2020 in Renqiu county, Hebei province, China. Following
enrollment, participants were randomised to receive three doses of 1.5, 3 or 6 pg of
CoronaVac or placebo with an interval of 28 days between the first two doses and
8 months between second and third doses; this study group is cohort 3-28d-8m.
Randomisation was performed with a 2:2:2:1 allocation ratio.

Electronic Data Capture (EDC) RIEHEN (Version: 2.1.1608) was used to
establish the electronic Case Report Form (eCRF) in both trials to record clinical
trial data. Information was inputted with standard language according to the EDC
instructions and eCRF filling instructions. Randomisation codes for each
vaccination schedule cohort were generated individually and randomly assigned
using block randomisation developed with SAS version 9.4. Adults aged 18-59
years were assigned with a block size of five and adults aged 60 years and older
were assigned with a block size of fourteen. Concealed random group allocations
and blinding codes were kept in signed and sealed envelopes. Investigators,
participants, and laboratory staff were masked to group assignment. The
randomisation code was assigned to each participant in sequence in the order of
enrolment by investigators, who were involved in the rest of the trial.

Follow-up. Essential steps and timing for each visit specified in the protocol are shown
in Supplementary Visit Plan. Conditions leading to participant withdrawal and sus-
pension criteria were reported previously'!, including unacceptable adverse events,
abnormal clinical manifestations, participants’ request. Participants who received
primary third doses 2 months after the second dose (cohort 1a-14d-2m and cohort 2a-
28d-2m) had blood samples drawn 1 year after the third dose to evaluate immune
persistence of this three-dose primary immunisation regimen. Participants who
received booster doses 8 months after the second dose (cohort 1b-14d-8m, cohort 2b-
28d-8m and cohort 3-28d-8m), had blood samples drawn 6 months after the booster
dose to evaluate immune persistence of this booster regimen.

Immunological assessment methods and related procedures are described in the
Supplementary Neutralisation Assay. Neutralising antibodies against infectious
SARS-CoV-2 (virus strain SARS-CoV-2/human/CHN/CN1/2020, GenBank
accession number MT407649.1, https://www.ncbi.nlm.nih.gov/nuccore/MT407649.
1) were quantified using a microcytopathogenic effect assay. We treated the
neutralising antibody titer of the serum specimen as the reciprocal of the average
dilutions of two wells when one of two adjacent wells was pathological while the
other not. To avoid the use of the average would not deflate or inflate the values of
neutralisation antibody titre, we conducted sensitivity analyses only to adopt higher
dilutions or lower dilutions respectively. Serious adverse events were recorded for
6 months after the third dose for participants in every cohort. Serious adverse
events were coded by the Medical Dictionary for Regulatory Activities (MedDRA)
System Organ Class. The existence of causal associations between adverse events
and vaccination was determined by the investigators.

Outcomes. A complete list of study endpoints is provided in the Supplementary
Study Endpoints. Results as of 28 days after booster doses (for cohort 1b-14d-8m,
cohort 2b-28d-8m and cohort 3-28d-8m) and 6 months after primary three doses
(for cohort 1a-14d-2m and cohort 2a-28d-2m) have been reported previously!l.
Here, we report the follow-up immunogenic results including geometric mean
titres (GMTs) of neutralising antibodies to infectious SARS-CoV-2 one year after
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the full schedule immunisation (for cohort 1a-14d-2m and cohort 2a-28d-2m),
6 months after the booster dose (for cohort 1b-14d-8m, cohort 2b-28d-8m, and
cohort 3-28d-8m), all of which are pre-specified exploratory endpoints. As did
Khoury and colleagues!?, we used a protective threshold of 33 for CoronaVac
vaccine, which was defined as the neutralisation titer at which an individual will
have a 50% protective efficacy for CoronaVac. Titres lower than the limit of
detection (1:4) were treated as half the limit of detection.

Serious adverse events occurring within 6 months after booster doses (for
cohort 1b-14d-8m, cohort 2b-28d-8m and cohort 3-28d-8m) were recorded;
serious adverse events were pre-specified secondary endpoints. Comparisons of
GMT fold decreases in neutralisation titres within 1 year after full-course
vaccination for cohort 1a-14d-2m and cohort 2a-28d-2m, and within 6 months
after second doses and third doses for cohort 1b-14d-8m, cohort 2b-28d-8m, and
cohort 3-28d-8m, were post hoc analyses. Given that the 3 ug dose is the licensed
formulation and an additional (third) dose is recommended to be offered 6 months
after the two-dose primary schedule, we present results for the 3 ug groups in
cohort 2b-28d-8m and cohort 3-28d-8m in the main text and provide detailed
results for other intervention groups in the Supplementary.

Ethical statement. We complied with all relevant ethical rules. The complete study
protocol for adults aged 18-59 years old was approved by the ethics committees of
Jiangsu Provincial Centre for Disease Control and Prevention (JSJK2020-A021-02),
and the complete study protocol for adults aged 60 years and older was approved
by the ethics committees of Hebei Provincial Centre for Disease Control and
Prevention (IRB2020-006).

Statistical analysis. The sample size was determined following requirements of
the National Medical Products Administration, China’s regulatory authority for
vaccines. We assessed immunological endpoints in the per-protocol population,
which included all participants who completed their assigned doses and had
antibody results available according to the protocol. Serious adverse events were
evaluated in the safety population for booster-dose groups, which included all
participants who received a booster dose of the study vaccine. GMT fold decreases
in neutralisation titres were assessed among participants who received three doses
and had antibody results from all visits.

Pearson y” test or Fisher’s exact test were used to analyse categorical outcomes.
We calculated 95% ClIs for categorical outcomes using the Clopper—Pearson
method.

We calculated GMTs and corresponding 95% Cls on the basis of standard
normal distributions of log-transformed antibody titres. GMT fold decreases in
neutralisation titre were calculated as ratios of paired sera at two visits. ANOVA
models with log-transformation were used to detect differences among groups.
Comparisons were done between groups by group t tests with log-transformation
and Bonferroni correction done as a post hoc test if the variance was significant.
Hypothesis testing was two-sided, and we considered P values of less than 0.05 to
be significant. We used R software version 4.0.2 for all analyses.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The study protocols are available in the Supplementary Material. To protect participants’
confidentiality, the individual participant data that underlie the results reported in this
article (text, tables, figures and extended data) will only be shared after de-identification.
Due to the clinical trial in adults aged 60 years and older is ongoing, in order to maintain
the blind status of this trial, the data will be available following clinical study report
(CSR) of immune persistence analysis (September 2022). Researchers who provide a
scientifically sound proposal will be allowed access to the individual participant data.
Proposals should be directed to wanglin@sinovac.com.

Code availability
The R code for the main analysis is available on GitHub at https://github.com/cxhhhh24/
sinoVac_antibody.

Received: 24 January 2022; Accepted: 24 May 2022;
Published online: 03 June 2022

References
1. Levin, E. G. et al. Waning immune humoral response to BNT162b2 Covid-19
vaccine over 6 months. N. Engl. J. Med. 385, e84 (2021).

2. Chemaitelly, H. et al. Waning of BNT162b2 vaccine protection against SARS-
CoV-2 infection in Qatar. N. Engl. J. Med. 385, 83 (2021).

3. Cohn, B. A, Cirillo, P. M., Murphy, C. C., Krigbaum, N. Y. & Wallace, A. W.
SARS-CoV-2 vaccine protection and deaths among US veterans during 2021.
Science 375, 331-336 (2021).

4. Falsey, A. R. et al. SARS-CoV-2 neutralization with BNT162b2 vaccine dose 3.
N. Engl. ]. Med. 385, 1627-1629 (2021).

5. Flaxman, A. et al. Reactogenicity and immunogenicity after a late second dose
or a third dose of ChAdOx1 nCoV-19 in the UK: a substudy of two
randomised controlled trials (COV001 and COV002). Lancet 398 981-990
https://doi.org/10.1016/S0140-6736(21)01699-8 (2021).

6.  World Health Organization. Highlights from the Meeting of the Strategic
Advisory Group of Experts (SAGE) on Immunization. https://cdn.who.int/
media/docs/default-source/immunization/sage/2021/october/sage_oct2021_
meetinghighlights.pdf?sfvrsn=3dcae610_15 (2021).

7. Barda, N. et al. Effectiveness of a third dose of the BNT162b2 mRNA COVID-
19 vaccine for preventing severe outcomes in Israel: an observational study.
Lancet 398, 2093-100. (2021).

8. Bar-On, Y. M. et al. Protection of BNT162b2 vaccine booster against Covid-19
in Israel. N. Engl. J. Med. 385, 1393-1400 (2021).

9. Cromer, D. et al. Neutralising antibody titres as predictors of protection
against SARS-CoV-2 variants and the impact of boosting: a meta-analysis.
Lancet Microbe 3, e52-e61 (2021).

10. Khoury, D. S. et al. Neutralizing antibody levels are highly predictive of
immune protection from symptomatic SARS-CoV-2 infection. Nat. Med. 27,
1205-11. (2021).

11. Zeng, G. et al. Immunogenicity and safety of a third dose of CoronaVac, and
immune persistence of a two-dose schedule, in healthy adults: interim results
from two single-centre, double-blind, randomised, placebo-controlled phase 2
clinical trials. Lancet Infect. Dis. 22, 483-495 (2021).

12. Zhang, Y. et al. Safety, tolerability, and immunogenicity of an inactivated
SARS-CoV-2 vaccine in healthy adults aged 18-59 years: a randomised,
double-blind, placebo-controlled, phase 1/2 clinical trial. Lancet Infect. Dis. 21,
181-92. (2021).

13. Wu, Z. et al. Safety, tolerability, and immunogenicity of an inactivated SARS-
CoV-2 vaccine (CoronaVac) in healthy adults aged 60 years and older: a
randomised, double-blind, placebo-controlled, phase 1/2 clinical trial. Lancet
Infect. Dis 21, 803-812 https://doi.org/10.1016/S1473-3099(20)30987-7
(2021).

14. Ciabattini, A. et al. Vaccination in the elderly: the challenge of immune
changes with aging. Semin Immunol. 40, 83-94 (2018).

15. Pegu, A. et al. Durability of mRNA-1273 vaccine-induced antibodies against
SARS-CoV-2 variants. Science 373, 1372-1377 (2021).

16. Lau, E. H.Y. et al. Neutralizing antibody titres in SARS-CoV-2 infections. Nat.
Commun. 12, 63 (2021).

17. Chen, X. et al. Neutralizing antibodies against SARS-CoV-2 variants induced by
natural infection or vaccination: a systematic review and pooled meta-analysis.
Clin. Infect. Dis, 74, 734-742 https://doi.org/10.1093/cid/ciab646 (2022).

18. Cao, Y. et al. Humoral immunogenicity and reactogenicity of CoronaVac or
ZF2001 booster after two doses of inactivated vaccine. Cell Res. 32, 107-109
(2021).

19. Pfizer and BioNTech provide update on omicron variant. https://www.pfizer.
com/news/press-release/press-release-detail/pfizer-and-biontech-provide-
update-omicron-variant (2021).

20. Cele, S. et al. Omicron extensively but incompletely escapes Pfizer BNT162b2
neutralization. Nature 602, 654-656 https://doi.org/10.1038/s41586-021-
04387-1 (2022).

21. Krause, P. R. et al. Considerations in boosting COVID-19 vaccine immune
responses. Lancet 398, 1377-1380 (2021).

22. Andrews, N. et al. Effectiveness of COVID-19 vaccines against the Omicron
(B.1.1.529) variant of concern. N Engl ] Med. 386, 1532-1546 https://doi.org/
10.1056/NEJMo0a2119451 (2022).

23. Chiu, N. C. et al. To mix or not to mix? A rapid systematic review of
heterologous prime-boost covid-19 vaccination. Expert Rev. Vaccines 20,
1211-1220 (2021).

24. Reynolds, C. J. et al. Heterologous infection and vaccination shapes immunity
against SARS-CoV-2 variants. Science 375, eabm0811 (2021).

25. Li, J et al. Heterologous AD5-nCOV plus CoronaVac versus homologous
CoronaVac vaccination: a randomized phase 4 trial. Nat Med. 28, 401-409
https://doi.org/10.1038/s41591-021-01677-z (2022).

26. Payne, R. P. et al. Immunogenicity of standard and extended dosing intervals
of BNT162b2 mRNA vaccine. Cell 184, 5699-714 ell (2021).

Acknowledgements
We thank Dr. Lance Rodewald from the Chinese Center for Disease Control and Prevention
for his comments and English language editing. The study was supported by grants from

6 | (2022)13:3100 | https://doi.org/10.1038/s41467-022-30864-w | www.nature.com/naturecommunications


https://github.com/cxhhhh24/sinoVac_antibody
https://github.com/cxhhhh24/sinoVac_antibody
https://doi.org/10.1016/S0140-6736(21)01699-8
https://cdn.who.int/media/docs/default-source/immunization/sage/2021/october/sage_oct2021_meetinghighlights.pdf?sfvrsn=3dcae610_15
https://cdn.who.int/media/docs/default-source/immunization/sage/2021/october/sage_oct2021_meetinghighlights.pdf?sfvrsn=3dcae610_15
https://cdn.who.int/media/docs/default-source/immunization/sage/2021/october/sage_oct2021_meetinghighlights.pdf?sfvrsn=3dcae610_15
https://doi.org/10.1016/S1473-3099(20)30987-7
https://doi.org/10.1093/cid/ciab646
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-and-biontech-provide-update-omicron-variant
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-and-biontech-provide-update-omicron-variant
https://www.pfizer.com/news/press-release/press-release-detail/pfizer-and-biontech-provide-update-omicron-variant
https://doi.org/10.1038/s41586-021-04387-1
https://doi.org/10.1038/s41586-021-04387-1
https://doi.org/10.1056/NEJMoa2119451
https://doi.org/10.1056/NEJMoa2119451
https://doi.org/10.1038/s41591-021-01677-z
www.nature.com/naturecommunications

ARTICLE

National Key Research and Development Program (2020YFC0849600), Beijing Science and
Technology Program (Z201100005420023), and Key Program of the National Natural Sci-
ence Foundation of China (82130093). The funders had no role in study design, data
collection and analysis, decision to publish or preparation of the manuscript.

Author contributions

QX,QW,XC,BH,KC,ML,Y.Z,HP, HY. and L.W. formulated the study design,
and performed the data collection, analysis, interpretation and writing of the manuscript.
H.J., P.C. and Y.S. collected the data and revised the manuscript. T.Y. carried out the
laboratory assays and revised the manuscript. W.L. analysed the data and revised the
manuscript. All authors had full access to all of the data (including statistical reports and
tables) in the study and can take responsibility for the integrity of the data and the
accuracy of the data analysis.

Competing interests

H.Y. has received research funding from Sanofi Pasteur, GlaxoSmithKline, Yichang HEC
Changjiang Pharmaceutical Company, and Shanghai Roche Pharmaceutical Company.
None of those research funding is related to the development of COVID-19 vaccines.
Q.X. and T.Y. were the employees of Sinovac Biotech Ltd., L.W. was an employee of
Sinovac Life Sciences Co., Ltd. The remaining authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541467-022-30864-w.

Correspondence and requests for materials should be addressed to Minjie Li, Yuliang
Zhao, Hongxing Pan, Hongjie Yu or Lin Wang.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:3100 | https://doi.org/10.1038/s41467-022-30864-w | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-022-30864-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Six-month follow-up of a booster dose of CoronaVac in two single-centre phase 2 clinical trials
	Results
	Discussion
	Methods
	Study design and participants
	Follow-up
	Outcomes
	Ethical statement
	Statistical analysis

	Reporting summary
	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




