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Objectives: To determine the status of immune responses after primary and booster immunization for
SARS-CoV-2 variants and evaluate the differences in disease resistance based upon titers of neutralizing
antibodies (NAbs) against the variants.
Methods: Participants aged 18-59 years received 2 doses of inactivated COVID-19 vaccine, 14 days apart,
and a booster dose after 12 months. Blood samples were collected before vaccination (baseline), 1 and 6
months after primary immunization, and at multiple instances within 21 days of the booster dose. NAbs
against the spike protein of Wuhan-Hu-1 and 3 variants were measured using pseudovirus neutralization
assays.
Results: Of 400 enrolled participants, 387 completed visits scheduled within 6 months of the second
dose and 346 participants received the booster dose in the follow-up research. After 1 month of primary
immunization, geometric mean titers (GMTs) of NAbs peaked for Wuhan-Hu-1, whereas GMTs of other
variants were <30. After 6 months of primary immunization, GMTs of NAbs against all strains were <30.
After 3 days of booster immunization, GMTs were unaltered, seroconversion rates reached approximately
50% after 7 days, and GMTs of NAbs against all strains peaked at 14 days.
Conclusion: Two-dose of inactivated COVID-19 vaccine induced the formation of NAbs and memory-
associated immune responses, and high titers of NAbs against the variants obtained after booster im-
munization may further improve the effectiveness of the vaccine.
© 2022 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction venting death from COVID-19 (Roghani, 2021). However, with re-

spect to preventing infection, the effectiveness of the vaccines

The pathogen causing COVID-19 has overwhelmed the human
immune system and led to severe morbidity and mortality on
a global scale. However, scientists all over the world have taken
quick, unprecedented, and coordinated action to develop vaccines
and antiviral agents for ending this pandemic. To date, billions of
people have been vaccinated with various types of COVID-19 vac-
cines, including inactivated viruses, viral mRNA, and adenovirus
vectors. Incidentally, the available evidence demonstrates that all
of these vaccines have a commendable expectancy in preventing
COVID-19-associated hospitalization and death. The estimated vac-
cine effectiveness is 60%-80% in preventing hospitalization and se-
vere disease outcome (Moghadas et al., 2021) and >80% in pre-
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varies at different time points after immunization (Dagan et al.,
2021; Rossman et al., 2021). This is possibly related to the contin-
uous decline of neutralizing antibodies (NAbs) over time, thereby
weakening the effectiveness of the vaccine. In this study, a set of
pseudovirus neutralizing antibody assays were established to un-
derstand the status of the immune responses at different time
points and evaluate the effects of cross immunization against
SARS-CoV-2 variants after primary and booster immunization.

Methods
Study design, participants, and sample collection

This study was performed between July 2020 and October 2021
in Beijing, China. A total of 400 participants, aged between 18-59

years, were recruited. The main exclusion criteria included a his-
tory of severe acute respiratory syndrome coronavirus (SARS-CoV),
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Figure 1. Design of study and schedule of sample collection.

A total of 400 participants aged 18-59 years were enrolled for the study in Beijing, China. All of them received 2 doses of the inactivated COVID-19 vaccine, 14 days apart.
Blood samples were collected from all participants on day 0 (just before vaccination; baseline) and from 387 individuals who came for the scheduled visits after 1 and 6
months of the second dose. Among them, 346 individuals participated in the follow-up research, where they received 1 dose of booster immunization; blood samples were

collected from them at multiple instances within 21 days of the booster dose.
Abbreviations: COVID-19 = coronavirus disease 2019.

SARS-CoV-2, or Middle East respiratory syndrome infection; high-
risk epidemiology history within 14 days before enrolment (includ-
ing a history of travel or residence in communities with case re-
ports or contact with a SARS-CoV-2-infected individual), axillary
temperature >37.0°C, and history of allergy to any of the vaccine
components. A complete list of exclusion criteria is included in the
protocol.

Every participant was familiarized with the aim of the study
and asked to sign an informed consent agreement. Subsequently,
they received 2 doses of 3 pg of inactivated COVID-19 vaccine
(CoronaVac, Sinovac Life Sciences, Beijing, China), 14 days apart ac-
cording to the product manual. Blood samples were collected from
the participants on day O (day of first dose vaccine) as well as 1
month and 6 months after the second dose of primary immuniza-
tion. Of the 400 participants, 387 completed the visits scheduled
within 6 months of the second dose.

According to the product manual, the booster immunization can
be carried out 6 months after the primary immunization. After 12
months of receiving the second vaccine dose, 346 of 400 partici-
pants took part in the follow-up research, and they were adminis-
tered a single dose of booster immunization. Thereafter, they were
divided into 5 groups. The participants were included in 1 of the
5 groups, according to their wishes. Blood samples were collected
separately from 46, 41, 40, 100, and 119 individuals on days 3, 7,
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10, 14, and 21 to detect antibodies against the COVID-19 pathogen.
Information related to the number of participants and schedule of
sample collection is presented in Figure 1.

The study protocol was approved by the Ethics Committee of
Beijing CDC (2020-28), and the entire study was performed in ac-
cordance with the requirements of Good Clinical Practice of China
and the International Conference on Harmonisation.

Pseudovirus preparation and titration

The vesicular stomatitis virus (VSV)-based SARS-CoV-2 pseu-
doviruses consisting of the Wuhan-Hu-1 (GenBank: MN908947),
B.1.1.7, B.1.351, or B.1.617.2 spike proteins were prepared by the
National Institutes for Food and Drug Control (NIFDC). They were
generated by transfection with a plasmid expressing 1 of the spike
proteins of SARS-CoV-2 or the SARS-CoV-2 variant strain and con-
current infection with G* AG-VSV (Kerafast) in which the G gene is
replaced with the firefly luciferase (Fluc) reporter gene. The cell su-
pernatant containing the pseudotyped virus was harvested after 24
and 48 hours, filtered (0.45-um pore size, Millipore, SLHPO33RB),
aliquoted (1 mL/tube), and stored at -80°C for further use. Before
the pseudovirus titration, a single aliquot of the pseudotyped virus
was taken out from -80°C to avoid repeated freezing and thaw-
ing. Subsequently, the titration was carried out by serial dilution to
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Figure 2. Status of neutralizing antibody response following primary and booster doses of vaccination.

A, Neutralizing antibody titers against the spike protein of SARS-CoV-2 Wuhan-Hu-1 and 3 variants (B.1.1.7, B.1.351, and B.1.617.2) were measured by pseudovirus neutral-
ization assay. Each data point represents a serum sample. The dotted horizontal line represents the seropositivity threshold. Titers lower than the initial dilution (1:10) are
presented as half the limit of detection. The error bars are the GMTs values of neutralizing antibodies with 95% confidence interval (CI). Asterisks indicate statistical signif-
icance: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. B, Seroconversion/seropositivity rates of neutralizing antibody after primary and booster immunization. Solid line
indicates seroconversion/seropositivity rates of 387 participants after primary vaccination; they were defined as neutralizing antibody levels required for serum conversion
from negative to positive concerning the spike protein of SARS-CoV-2 Wuhan-Hu-1 and 3 variants, as the case may be. Dotted line indicates seroconversion rate of 346
participants after booster immunization, and the antibody titer after booster immunization was 4 times higher than that after 6 months of primary immunization. In both
figures, the x-axis represents the collection time of blood samples since the primary immunization. Specifically, 0 month indicates blood samples were collected from the
participants on the day of the first dose vaccine. One month and 6 month indicates blood sampling at 1 month and 6 months after the second dose of primary immunization.
The 12+ months indicates blood sampling after a single dose of booster immunization.

Abbreviations: GMTs = geometric mean titers; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.

infect the target cells Huh-7 in 96-well plates. The 50% tissue cul- Results
ture infectious dose (TCID50) of the pseudotyped virus was calcu-
lated according to the Reed-Muench method. The abovementioned Inactivated COVID-19 vaccine induces low-level antibody responses
procedures were performed according to previously published pro- after primary immunization
tocols (Li et al., 2020; Nie et al., 2020a; Nie et al., 2020b).
There were no detectable titers of NAbs against the Wuhan-Hu-
1 and 3 SARS-CoV-2 variants (baseline) in the sera of the study

Pseudovirus neutralization assay (pVNT) participants before primary immunization. The seroconversion of
the subjects denotes the antibody titer at which their sera convert

The titers of NAbs were quantified using the pseudovirus neu- from negative to positive after 1 month of complete primary vac-
tralization assay for Wuhan-Hu-1 and SARS-CoV-2 variants. First, cination. After 1 month of complete vaccination, the neutralizing

100 pL of serial threefold diluted human serum (starting at 1:10) antibody titers against Wuhan-Hu-1 increased from baseline to a
was incubated with 50 uL of pseudovirus (1300 TCID50/mL) for GMT of 40.2 (95% CI, 36.8-43.8), and the seroconversion rate was
1 hour at 37°C in the 96-well plates. Thereafter, Huh-7 cells were 63.0% (244 of 387 participants). However, the GMTs of the other 3
added (2 x 10% cells/100 uL per well), and the plates were incu- variants, B.1.1.7, B.1.351, and B.1.617.2, were <30, particularly, 29.6
bated at 37°C in a humidified atmosphere with 5% CO,. Duplicated (95% CI, 27.0-32.4), 10.9 (95% CI, 10.0-12.0), and 26.1(95% CI, 23.7-
wells were analyzed for each sample. The cell control (CC), which 28.7), respectively. There were significant differences among all

contained only Huh-7 cells, and the virus control (VC), which con- groups (P <0.05) (Figure 2A). In addition, their respective serocon-
tained the virus and the Huh-7 cells, were set up for each plate. version rates were 53.5% (207 of 387), 13.7% (53 of 387), and 45.7%
After incubation for 24 hours, chemiluminescence signals were de- (177 of 387). Therefore, the GMT and seroconversion rates were the

tected by Molecular Devices SpectraMax® iD5 using the luciferase highest for Wuhan-Hu-1 and the lowest for B.1.351 (Figure 2B).
substrate (PerkinElmer). The Reed-Muench method was used to

calculate the half-maximal inhibition dilution (ID50), and ID50 val- The GMTs of NAbs show a rapidly declining trend after 6 months of
ues >30.0 were considered positive. primary immunization

After 6 months of the second vaccine dose, we observed a

Statistical analyses rapid decline in the GMTs of NAbs against all the SARS-CoV-2
pseudovirus strains. The neutralizing antibody GMTs of all 4 pseu-
The sample size for this study was based on practical consider- dovirus strains were <30, namely Wuhan-Hu-1: 13.6 (95% CI, 12.4—

ations rather than statistical power calculations. Statistical analyses 14.9), B.1.1.7: 14.1 (95% CI, 12.8-15.6), B.1.351: 7.9 (95% CI, 7.3-8.4),
were conducted with GraphPad Prism 8.0.1. NAbs were presented and B.1.617.2: 10.1 (95% CI, 9.3-11.1). Among them, the GMT of
as geometric mean titers (GMTs) with 95% confidence intervals B.1.1.7 was the highest, but there were no significant differences

(CIs). The calculations were performed with log10 values of the between the neutralization antibody GMTs of B.1.1.7 and Wuhan-
original data and subsequent application of anti-log transforma- Hu-1 (P >0 05). On the contrary, the GMT of B.1.351, which was
tion. Wilcoxon matched-pairs signed-rank test was used to com- the lowest, significantly differed from that of the other groups (P
pare differences among groups. Two-sided p-values < 0.05 were < 0.0001) (Figure 2A). The antibody-positive rates of Wuhan-Hu-
considered statistically significant. 1 and the other 3 variants were Wuhan-Hu-1: 20.7% (80 of 387),
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Figure 3. The trends of neutralizing antibody titers of different strains at different time points after primary and booster vaccination.

A, Wuhan-Hu-1, B, B.1.1.7 C, B.1.351 D, B.1.617.2. The data of 0, 1, and 6 months refer to the results of 387 participants obtained before primary immunization and at 1 month
and 6 months after the second dose of primary immunization, respectively. The data of 124+ month refer to the results of 346 participants obtained at multiple instances
within 21 days of receiving the booster dose. Asterisks indicate statistical significance: * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001.

B.11.7: 24.3% (94 of 387), B.1.351: 8.0% (31 of 387), and B.1.617.2:
15.8% (61 of 387), respectively (Figure 2B).

Memorizing reaction of serum antibody after booster immunization

The GMT of the NAbs against Wuhan-Hu-1 was 133.2 (95% (I,
114.1-155.5), and it had increased significantly after the booster

100

immunization as compared with the respective GMTs after 1 and 6
months of primary immunization. Similar observations were made
for the other 3 variants (Figure 3). The GMT of NAbs against B.1.1.7
was 161.9 (95% CI, 138.7-189.1). This increase in GMT value is sig-
nificantly greater than that of Wuhan-Hu-1 (Figure 2A). The GMTs
of NAbs against B.1.351 and B.1.617.2 was 99.8 (95% CI, 85.2-116.8)
and 106.0 (95% CI, 91.2-123.3), respectively, and these values are
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Figure 4. Status of neutralizing antibody responses at different time points following booster dose of vaccination.

A, Neutralizing antibody titers against the spike protein of SARS-CoV-2 Wuhan-Hu-1 and 3 variants (B.1.1.7, B.1.351, and B.1.617.2) were measured using pseudovirus neu-
tralization assay. A total of 346 participants received the single dose of booster immunization 12 months after completing the primary vaccination. The day 3 data includes
46 participants, day 7 data includes 41 participants, day 10 data includes 40 participants, day 14 data includes 100 participants, and day 21 data includes 119 participants.
Each data point represents a serum sample. The error bars are the GMTs values of neutralizing antibodies with 95% confidence interval (CI). Asterisks indicate statistical
significance: * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. B, Seroconversion of booster immunization is the antibody titer was 4 times higher than that after 6

months of primary immunization.

Abbreviations: GMTs = geometric mean titers; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.

9.2 and 4.1 times greater than their respective GMT values in the
peak period of 1 month after primary immunization (Figure 3). Se-
roconversion was calculated after the booster immunization, and
the results indicated that antibody titer was 4 times higher than
that after 6 months of primary immunization. The seroconversion
rates of Wuhan-Hu-1 and the other 3 variants were Wuhan-Hu-1:
74.0% (256 of 346), B.1.1.7: 76.3% (264 of 346), B.1.351: 78.3% (271
of 346), and B.1.617.2: 72.8% (252 of 346), respectively (Figure 2B).

The GMTs of NAbs at different time points after booster immunization

After 3 days of booster immunization, the GMTs of NAbs
showed no change as compared with the respective GMTs ob-
served 6 months after primary immunization; in fact, the val-
ues were slightly lower than the GMT levels at 6 months. The
GMTs were Wuhan-Hu-1: 8.6 (95% CI, 6.8-10.8), B.1.1.7: 9.4 (95%
Cl, 7.5-11.9), B.1351: 7.8 (95% CI, 6.3-9.7), and B.1.617.2: 8.6 (95%
Cl, 7.1-10.3). Interestingly, only 1 individual (1 of 46 participants)
had antibody titer values that were 4 times higher than that ob-
served 6 months after primary immunization for 4 pseudovirus
strains. After 7 days of booster immunization, the GMT of neu-
tralizing antibody against Wuhan-Hu-1 was 47.7 (95% Cl, 35.8-
63.5), that is, it had recovered to similar levels as observed 1
month after primary immunization. The GMTs of NAbs against the
other 3 variants were >30, namely, B.1.1.7: 71.2 (95% (I, 53.8-94.1;
highest), B.1.617.2: 43.4 (95% CI, 32.9-57.2), and B.1.351: 39.1 (95%
Cl, 28.6-53.5; lowest). The seroconversion rates of the 4 strains
were Wuhan-Hu-1: 48.8 % (20 of 41), B.1.1.7: 56.1% (23 of 41),
B.1.351: 61.0% (25 of 41), and B.1.617.2: 43.9% (18 of 41). Sub-
sequently, the antibody GMTs against all the strains exhibited a
rapidly increasing trend over time. After 10 days of booster immu-
nization, except for a few participants, all others had GMT levels
of NAbs >30, and the GMT values peaked on day 14 after booster
immunization. These peak GMT levels were Wuhan-Hu-1: 263.9
(95% CI, 223.7-311.3), B.1.1.7: 319.1 (95% CI, 274.1-371.5), B.1.351:
194.9 (95% CI, 160.9-236.1), and B.1.617.2: 202.1 (95% CI, 171.3-
238.4), and they were 6.6, 10.8, 17.9, and 7.7 times higher than
their respective values in the peak period of 1 month after pri-
mary immunization. The seroconversion rates of all the strains
were >90%. Thereafter, the neutralizing antibody titers seemed to
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reach a plateau phase. Apart from the GMT of wild-type, which in-
creased slightly, the GMT levels for all other variants decreased.
However, there was no significant difference between the GMTs
observed on days 14 and 21 for all the strains (P >0.05) (Figure 4).

Discussion

The present study is a unique large-scale and long-term
prospective cohort study on the antibody persistence and sec-
ondary immune response of the COVID-19 vaccine. The immuno-
genicities of 387 participants were evaluated before vaccination, 1
and 6 months after primary immunization, and at different time
points after the booster immunization using pseudovirus neutral-
ization assays for SARS-CoV-2. According to previous reports, the
peak of neutralizing antibody titers should be seen after 1 month
of complete immunization. However, this study demonstrated that
after 1 month of primary immunization with inactivated COVID-
19 vaccine, there were low levels of antibody response against
Wuhan-Hu-1, B.1.1.7, and B.1.617.2 variants, whereas the neutraliza-
tion capacity for B.1.351 variant was extremely low. Subsequently,
6 months after the second vaccination dose, there was a rapid de-
cline in the GMTs of NAbs, but the antibody-positive rates were
still approximately 20% for Wuhan-Hu-1 and B.1.1.7 variants. This
is consistent with the antibody persistence results of other COVID-
19 vaccines that produced high titers of NAbs after full inoculation
(Doria-Rose et al., 2021; Favresse et al., 2021; Pegu et al,, 2021).
Incidentally, antibody persistence may be associated with immune
memory rather than the titer value of NAbs.

After 1 year of complete vaccination, 346 participants received
1 dose of booster immunization. To understand the status of the
immune response at different time points after the booster immu-
nization, the participants were divided into 5 groups, and blood
samples were collected on days 3, 7, 10, 14, and 21. The neutral-
izing antibody titers did not change in most participants on day 3
after booster immunization. However, based on the approximately
50% seroconversion rate recorded on day 7 after the booster im-
munization, it may be suggested that for most of the participants,
the antibody titers increased significantly between days 5 and 6 of
receiving the booster dose. The seroconversion rate reached 90% at
day 10, and the GMT levels peaked on day 14 after booster im-
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munization. This sequence of immune response is consistent with
the pattern of memory-associated responses, and it further con-
firmed that a humoral immune response can be induced in the hu-
man body by administering inactivated COVID-19 vaccines similar
to other vaccines (Chandrashekar et al., 2020).

The most exciting observation is that all variants show excel-
lent immunogenicity after 10 days of booster immunization. This
indicates that a high titer of NAbs is related to the effectiveness of
the vaccine against the SARS-CoV-2 variant in vitro; however, this
is inconsistent with some studies (Caucci et al., 2021). Although
moderate levels of antibody titers have been extrapolated to de-
tect infections, extensive real-world data are necessary to support
its relation to the protective effects against the SARS-CoV-2. Hence,
it may be suggested that antibody titers were used to indirectly
evaluate the effectiveness of the vaccine (McMahan et al., 2021).

This study showed that administration of 2 vaccine doses could
not achieve the expected effect against Wuhan-Hu-1 or the vari-
ants, and a third dose is necessary (Flaxman et al., 2021). However,
the question arises that whether the third dose should be a part
of the primary immunization schedule, or should it be included
as a booster immunization. Moreover, if the primary immunization
requires 3 doses, then the interval between the second and third
doses needs to be determined to obtain the best immunogenicity.

Pseudovirus neutralization assays can be conveniently used for
evaluating vaccine immunogenicity owing to their safety, and the
effectiveness of this method has been established by several stud-
ies. Neutralizing antibody titer is the best index to evaluate the im-
munogenicity of a vaccine (Robbiani et al., 2020), but it has some
limitations (Andualem et al., 2020). Even though NAbs are mainly
immunoglobulin (Ig) G, isotype IgA and IgM with neutralization
abilities may also be present. Interestingly, the dynamic regular-
ity varies not only among the different classes of antibodies but
also among the different subclasses of 1 class. In this study, even
though the GMT of NAbs against Wuhan-Hu-1 was significantly
higher (P <0.0001) than that of B.1.1.7 after 1 month of primary
immunization, their immune response levels were similar after 6
months. On the contrary, after 7 days of booster immunization,
the GMT of B.1.1.7 antibodies were significantly higher than that
of Wuhan-Hu-1 antibodies (P <0.001). It is unclear whether this
is related to the class/subclass of antibodies secreted at different
time points, and hence, it needs to be explored further. Some stud-
ies have reported that IgG subclasses can interfere with the anti-
body affinity of the SARS-CoV-2 (Luo et al., 2021; Stephens and
McElrath, 2020; Suthar et al., 2020). This phenomenon has been
observed in other viruses too. A study of antibody responses
to primary Rubella infection revealed an initial low-avidity IgM
response, followed by low-avidity IgG3 and IgA responses, and
finally, IgG1 responses maturing from low to high avidity. There-
fore, low-avidity antibodies indicate recent infection, and matu-
ration to high avidity antibodies occurs within 2 months post-
exanthem (Susan and Stanley, 2018, Wilson et al., 2006). Future
studies can confirm whether the irregular changes in the titers of
NAbs in some participants indicate a similar pattern in COVID-19
as in the case of Rubella.

In conclusion, the NAbs induced by 2 doses of inactivated
COVID-19 vaccine can be maintained for 6 months, and high titers
of NAbs produced after booster immunization can effectively pro-
tect against SARS-CoV-2 variants in vitro.
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