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Abstract

Neutralizing antibody is an important indicator of vaccine efficacy, of which IgG
is the main component. IgG can be divided into four subclasses. Up to now, stud-
ies analysing the humoral response to SARS-CoV-2 vaccination have mostly
focused on measuring total IgG, and the contribution of specific IgG subclasses
remains elusive. The aim of this study is to investigate the kinetics of neutralizing
antibodies and IgG subclasses, and to explore their relationships in people vacci-
nated with inactivated COVID-19 vaccine. We conducted a prospective cohort
study in 174 healthy adults aged 18-59 years old who were administrated 2 doses
of CoronaVac 14 days apart and a booster dose 1 year after the primary immuni-
zation, and followed up for 15 months. Blood samples were collected at various
time points after primary and booster immunization. We used live SARS-CoV-2
virus neutralizing assay to determine neutralizing ability against the wild-type
strain and 4 variants (Beta, Gamma, Delta and Omicron) and ELISA to quantify
SARS-CoV-2 RBD-specific IgG subclasses. The results showed that the 2-dose pri-
mary immunization only achieved low neutralizing ability, while a booster shot
can significantly enhance neutralizing ability against the wild-type strain, Beta,
Gamma, Delta and Omicron variants. IgG1 and IgG3 were the most abundant
serum antibodies, and IgG2 and IgG4 were hardly detected at any time. The ratio
of IgG1/IgG3 was positively associated with the neutralization ability. The under-
lying mechanism requires further exploration.
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INTRODUCTION

Since 2019, the COVID-19 pandemic has been responsi-
ble for more than 6.18 million deaths [1]. As of April 5th,
2022, 35 COVID-19 vaccines have been approved for use
worldwide with more than 11.25 billion administered
doses [2, 3]. Among these vaccines, inactivated vaccines
have been approved for use in more than 60 countries,
and are the main vaccine type used in China. Compared
with other vaccines, COVID-19 inactivated vaccines pro-
duced with traditional technology contain inactivated
whole-virion SARS-CoV-2, therefore they maintain the
structure of epitopes on surface antigens, and are easier
to store and transport [4]. Evidence from real-world stud-
ies of inactivated vaccines in Chile [5], Brazil [6] and
China [7] shows that a 2-dose vaccination schedule can
effectively prevent the infection of COVID-19, and can
offer greater protection against severe clinical outcomes.

Although vaccinations have markedly flattened
COVID-19 epidemic curves, active cases continue to
surge as multiple variants of the SARS-CoV-2 continue to
emerge and spread worldwide. Currently 5 variants of
concern (VOCs) have been defined by the WHO, includ-
ing Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta
(B.1.617.2) and Omicron (B.1.1.529) [8]. All these VOCs
have specific mutations within the spike regions [9],
which may lead to escape from immunity induced by the
prior infections or vaccinations, thereby potentially caus-
ing a large number of breakthrough infections [10, 11].
Although how new mutations can potentially affect the
epidemic curves of the pandemic in the future is cur-
rently uncertain, the WHO still places high hopes on vac-
cination drive throughout world [3].

Since previous vaccination programs have faced the
threat of circulating VOCs, booster immunization has
become a standard practice to protect against variants,
and has been started in more than 100 countries [3]. A
preliminary evaluation has demonstrated that the addi-
tional dose could significantly reduce the number of new
infections and symptomatic cases, and after the booster
shot with CoronaVac the neutralization ability against
the wild-type strain increased by more than 30 times
[12-14]. However, the kinetics of neutralizing antibodies
after primary and booster immunization are still unclear.

Neutralizing antibodies are mainly consisted of IgG,
IgA and IgM, among which IgG is the most abundant
and multifunctional component of neutralizing anti-
bodies [15-17]. IgG consists of 4 distinct subclasses,
defined by the structure of their constant regions, includ-
ing IgGl, IgG2, I1gG3 and IgG4. The IgG subclasses
induced by vaccination can serve as important determi-
nants of vaccine efficacy [18, 19]. However, up to now,
studies analysing the humoral response to SARS-CoV-2

vaccination have mostly focused on measuring total IgG
in the serum. Therefore, the contribution of specific IgG
subclasses remains elusive.

The aim of the present study was to comprehensively
describe the kinetics of neutralizing antibodies against
the wild-type SARS-CoV-2 and 4 variants (Beta, Gamma,
Delta and Omicron), to investigate the kinetics of IgG
subclasses specific to the wild-type SARS-CoV-2 RBD,
and to explore the correlation between IgG subclasses
and neutralizing ability in a large-scale, long-term pro-
spective cohort study of 174 healthy adults vaccinated
with inactivated COVID-19 vaccines following primary
and boost immunization.

MATERIALS AND METHODS

Study design, participants and serum
collection method

Healthy, non-pregnant adults aged 18 to 59 years old
were recruited. The main exclusion criteria included a
history of SARS-CoV, SARS-CoV-2 or Middle East respi-
ratory syndrome infection, a recent history (within
14 days before enrolment) of travel or exposure to
infected individuals, axillary temperature > 37.0°C and
reported allergy to any vaccine components. A complete
list of exclusion criteria was included in the study proto-
col and approved by the Ethics Committee of Beijing
Centre for Disease Prevention and Control (2020-28).
Written informed consents were obtained from all partic-
ipants both before enrolment and before the administra-
tion of the booster shot. All participants were tested for
SARS-CoV-2 nucleic acid biweekly according to the study
protocol.

The participants were administered two doses of Cor-
onaVac (Sinovac Life Sciences, Beijing, China) which is
an inactivated vaccine against COVID-19, at day 0 and
day 14. A booster dose was given 12 months after the
completion of the primary immunization. Blood samples
were collected from the participants before vaccination
and at 1, 3, 6 and 12 months after the second dose. The
participants who received booster shots were randomly
assigned to five groups, and their serum samples were
collected on the 3rd, 7th, 10th, 14th and 21st days, respec-
tively. The study design and sample collection schedule
were summarized in Figure 1.

SARS-CoV-2 neutralization assay

Titres of neutralizing antibodies against live SARS-CoV-2
virus (wild-type strain: SARS-CoV-2/human/CHN/
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FIGURE 1 Study design and the sample collection

CN1/2020, Beta: EPI_ISL_2536954, Gamma:
EPI _ISL_1060876, Delta: EPI ISL_ 1911197, Omicron
provided by Sinovac Life Sciences, Beijing, China) were
quantified using the micro cytopathogenic effect assay.
Briefly, the serum samples were incubated at 56°C for
30 min and serially diluted with the cell culture medium.
The diluted samples were incubated in duplicate with
50 pl of SARS-CoV-2 virus suspension at 37.0°C for 2 h.
Vero cells (1.0-2.0 x 10° cells/mL) were thereafter added
to the suspension and incubated at 36.5°C for 5 days. The
cytopathic effects were recorded and the neutralizing
antibody titres were then calculated by the dilution

number of 50% protective condition. Seroconversion
threshold of the neutralizing antibodies was defined as a
titre of 8 [20].

Anti-SARS-CoV-2 receptor binding domain
(RBD) IgG subclasses assay

The anti-SARS-CoV-2 RBD-specific IgG subclasses sero-
logic assay kit (ACROBiosystems) was used to measure
the levels of IgG1, IgG2, IgG3 and IgG4 by an indirect
enzyme linked immunosorbent assay (ELISA). The
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microplate was pre-coated with the RBD of the spike pro-
tein. The sensitivity (lower detection limit) of SARS-
CoV-2 RBD specific IgG1, I1gG2, IgG3 and 1gG4 monoclo-
nal antibody was 10 ng/mL, 20 ng/mL, 0.2 ng/mL and
0.8 ng/mL, respectively. We used SARS-CoV-2 negative
serum to validate its specificity. The specificity of IgG1,
IgG2, IgG3 and IgG4 was 94.8%, 97.7%, 93.1% and 100%,
respectively. The initial dilution of the sample was set to
1:20, since the dilution ratio of 1:20 can eliminate the
background signal to the greatest extent while maintain-
ing relatively high sensitivity. The cut-off value was 0.1,
as calculated by 2.1 times the standard deviation of the
OD values of a large number of SARS-CoV-2 negative
serum. If the OD value/cut-off value (S/CO) was >1, then
the test result was considered positive, whereas S/CO < 1
was negative. The corresponding level of IgG subclasses
was calculated as S/CO x dilution folds. If saturated OD
signals were observed, the samples were serially diluted
until a negative test result was reached. The maximum
dilution multiple of the positive test results was selected,
and the corresponding OD value of the maximum dilu-
tion/cut-off x dilution multiple was the antibody level
corresponding to the sample.

Statistical analysis

IgG subclass levels were presented as S/CO x dilution
folds with 95% confidence intervals (CIs). The neutraliz-
ing antibody titres were presented as dilution folds. The
geometric mean titres (GMTs) and 95% CIs were calcu-
lated with log values of the titres followed by subse-
quent antilog-transformation. Bonferroni’s multiple
comparison test was used to compare the titres of neu-
tralizing antibodies against different strains. Mann-
Whitney U test was used to compare the neutralizing
antibody titres at different time points. Two-sided
p-values < 0.05 were considered statistically significant.
Statistical analyses were conducted with GraphPad
Prism 8.0.1.

RESULTS
Demographic characteristics

A total of 174 participants were enrolled in this study.
None of the participants was tested positive for SARS-
CoV-2 nucleic acid until the end of the follow-up. The
oldest participant was 59 years old, and the youngest was
22 years old. The mean age of the cohort was 39.7 years
old. 43.7% of the participants were male and 56.3% were
female.

Immunogenicity and antibody persistence
after 2-dose primary immunization

Regarding the wild-type strain, the GMT (geometric
mean titre) of the neutralizing antibodies reached the
peak of 7.1 at 1 month after the primary immunization,
with a seroconversion rate of 50.6% (Figure 2a and
Table S1). At 3 months, the GMT decreased to 4.5, and
the seropositivity rate decreased to 21.5%. Interestingly,
at 6 months, the GMT increased to 5.5, and the seroposi-
tivity rate increased to 37.3%. At 12 months, the GMT
decreased again to 4.6, and the seropositivity rate
decreased to 25.9%.

The neutralization capacity against the variants was
lower than that of the wild-type. At 1 month, the GMT
was 2.2, 2.7, 2.4 and 2.0 for Beta, Gamma, Delta and
Omicron variants, respectively. The seroconversion
rate was 2.9%, 2.9%, 4.6% and 0.0% for Beta, Gamma,
Delta and Omicron variants, respectively (Figure 2b—e
and Table S1). The GMT and seropositivity rate against
all the analysed variants did not change significantly
until 12 months. After the 2-dose primary immuniza-
tion, the GMT against the wild-type and all the variants
strain did not reach the positive threshold of 1:8 at
any time.

Immunogenicity and antibody persistence
after the booster shot

A booster shot was administered to 158 healthy partici-
pants who completed the 2-dose primary immunization.
Regarding the wild-type strain, on the 3rd day after the
booster shot, the GMT (3.7) and seroconversion rate
(22.9%) of the neutralizing antibodies were comparable to
that of 12 months after the primary immunization. The
GMT increased significantly thereafter. On the 7th day,
the GMT increased to 37.3, and the seroconversion rate
was 90% (27/30). The GMT continued to increase on the
10th day (158.2), 14th day (228.2), and reached a peak of
290.6 on the 21st day, thereafter decreased to 143.6 at
3 months (Figure 3a and Table S1). The seroconversion
rate reached 100% at the 10th day and remained 100%
thereafter.

The four variants showed similar trends with much
lower GMTs (p < 0.0001). The peak GMTs of the four
variants were reached on the 21st day, 52.5, 78.4, 46.0
and 24.0, respectively. At 3 months after the booster shot,
the GMTs decreased significantly to 20.4, 37.5, 22.9 and
6.6; the seropositivity rates decreased to 80.6%, 92.9%,
83.9% and 42.6% for Beta, Gamma, Delta and Omicron
variants, respectively (Figure 3b-e and Table S1). We
used Bonferroni’s multiple comparison test to compare
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FIGURE 2 Neutralizing antibodies against the wild-type strain and variants of SARS-CoV-2 after 2-dose primary immunization. The
results of neutralization assays against SARS-CoV-2 wild-type strain (a), Beta variant (b), Gamma variant (c), Delta variant (d), and Omicron
variant (e). Each dot represents the neutralizing antibody titre of an individual. The numbers indicated above the bars are the geometric
mean titres (GMT), and the error bars indicate the 95% confidence intervals (CI) of GMT. The dotted horizontal line represents the
seropositivity threshold of 1:8. The titres lower than the limit of detection (1:4) are presented as half the limit of detection (1:2)
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FIGURE 4 IgG subclasses at the different time points after 2-dose primary immunization and the booster shot. The levels of IgG1 (a),
1gG2 (b), IgG3 (c) and IgG4 (d) after 2-dose primary immunization and the booster shot. Each dot represents the IgG subclass level of an
individual. The numbers above the bars are the mean levels, and the error bars indicate the 95% CIs. The dotted horizontal line represents
the seropositive threshold of 20

FIGURE 3 Neutralizing antibodies against the wild-type strain and variants of SARS-CoV-2 after the booster shot. (a-e) show the
results of the different neutralization assays against SARS-CoV-2 wild-type strains (a), Beta variant (b), Gamma variant (c), Delta variant (d),
and Omicron variant (e), while (f) shows the results at 3 months for the 5 strains. Each dot represents the neutralizing antibody titre of an
individual. The numbers above the bars are GMTs, and the error bars indicate the 95% CIs of GMT. The dotted horizontal line represents the
seropositivity threshold of 1:8. The titres lower than the limit of detection (1:4) are presented as half the limit of detection (1:2). Bonferroni’s
multiple comparison test was used to compare the titres of neutralizing antibodies against different strains in (f). ***p < 0.001,

*#***p < 0.0001, ns: not statistically significant. No multiple comparison adjustment has been done
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IgG1 and IgG3 distribution after 2-dose primary immunization. IgG1, IgG3 and IgG1/IgG3 ratio was grouped by titres of the

neutralizing antibodies at 1 month (a), 3 months (b), 6 months (c) and 12 months (d) after 2-dose primary immunization. The dotted line
represents the linear trend between the IgG1/IgG3 ratio and titres of the neutralizing antibodies. Based on each individual’s neutralizing
antibody titre, the seropositive threshold of 1:8, and the serial dilution multiplier of 2 in the neutralizing assay, the participants were divided

into several mutually exclusive groups

SARS-CoV-2 RBD-specific IgG subclasses
after 2-dose primary immunization and
booster shot

ELISA analysis revealed that IgG1 and IgG3 were the
most abundant subclasses (Figure 4). At 1 month after
the 2-dose primary immunization, the mean levels of
IgG1 and IgG3 were 110.3 and 139.4, respectively. At
3 months, both IgG1 and IgG3 levels decreased rapidly.
After that, the level of IgG1 reached the plateau phase,
and the level of IgG3 gradually decreased. At
12 months, the mean levels of IgG1 and IgG3 decreased
to 21.7 and 29.5, respectively. On the 3rd day after the
booster shot, the mean levels of IgG1 and IgG3 were
comparable to that of 12 months after the primary
immunization. Subsequently, IgG1l and IgG3 levels
increased rapidly, especially that of IgGl. The mean
levels of IgG1 and IgG3 reached a peak on the 21st
days after the booster shot (458.4 and 241.8, respec-
tively) and decreased at 3 months (361.3 and 162.2,
respectively).

Relationship between IgG1, IgG3 subclasses
and neutralizing antibodies

There was no correlation observed between the titres of
the neutralizing antibodies and level of IgGl or IgG3
individually (Table S2). We divided the participants into
groups based on their neutralizing titres, that is, <8, 8-
16, 16-32, 32-64, etc. The titres of the neutralizing anti-
bodies showed a positive correlation with IgG1/IgG3
ratio in general. After the primary immunization,
although the correlation was not linear, the correlation
coefficients reached 0.8216 (p 0.1784), 0.794
(p = 0.206), 0.824 (p = 0.176) and 0.7293 (p = 0.2707) at
1, 3, 6 and 12 months, respectively (Figure 5). After the
booster shot, the titres of the neutralizing antibodies
exhibited a strong linear relationship with the IgG/IgG3
ratio. At 1 month, the correlation coefficient was 0.776
(p = 0.0236) (Figure 6). At 3 months, the correlation coef-
ficient was 0.9782 (p = 0.0001) (Figure 7a). As for the
Beta, Gamma, Delta and Omicron variants, the correla-
tion coefficients were 0.3296 (p = 0.4703), 0.6825
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(p = 0.0911), 03069 (p = 0.5031) and —0.0110
(p = 0.9842) at 3 months after the booster shot, respec-
tively (Figure 7b-d).

DISCUSSION

In the present study, we showed the kinetics of neutraliz-
ing antibodies against the wild-type strain and variants
after 2-dose primary immunization and a booster shot of
inactivated vaccine. After the primary immunization, the
GMT of neutralizing antibodies exhibited a moderate
increase and reached the peak at 1 month. However, the
GMT against the wild-type strain did not reach the
threshold of 8 since most of the individuals had low titres
of antibodies. The peak seroconversion rate was only
50.6% at 1 month. GMTs of the neutralizing antibodies
against the variants were even lower. Therefore, regard-
ing immunogenicity, the 2-dose primary immunization
only achieved low neutralizing ability. After the booster
shot, the GMT rapidly increased, and the seroconversion
rate reached 100% within 10 days, for the wild-type
strain, Beta, Gamma and Delta variants. At 3 months
after the booster shot, the GMT against the wild-type
strain was about 20.2 times the GMT at 1 month after the
primary immunization (Table S3). This pattern of rapid
immune response and persistence of antibodies was con-
sistent with the characteristics of immune memory. This
finding can largely dispel the concerns that inactivated
vaccines cannot induce significant cell-mediated immune
response, and that they can only result in weak immuno-
genicity with deficiency of long-time immune memory.
Furthermore, efficacy of inactivated vaccine against the
variants has been demonstrated indirectly due to
increased immunogenicity after the booster shot.

This study showed that IgG1 and IgG3 were the most
abundant IgG subclasses at all time points. This
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observation was consistent with Fraley et al.’s finding for
mRNA vaccines [21] and Suthar et al’s finding in
patients naturally infected with SARS-CoV-2 [22]. More
specifically, in this study IgG1 and IgG3 levels were simi-
lar after primary immunization, whereas IgG1 level was
much higher than IgG3 level after the booster shot. It has
been reported that the humoral immune response in
individuals recovered from the natural infections of
COVID-19 was primarily dominated by IgGl-producing
memory B cells whereas the amount of IgG3-producing
memory B cells was relatively low [23, 24]. Whether the
humoral immune response after the booster immuniza-
tion with SARS-CoV-2 inactivated vaccines might be
directly related to the presence of memory B cells
requires further verification.

Interestingly, the GMT and seropositivity rate of the
neutralizing antibodies at 6 months after the primary
immunization were higher than that at 3 months. Several
previous studies have indicated that IgG subclass switch-
ing may substantially impact the titre of the neutralizing
antibodies [25, 26]. It has been found that in infections
with rubella and measles viruses, the affinity of IgG1 was
higher than that of IgG3, and the affinity maturation
time of IgGl was later than that of IgG3 [27, 28]. We
examined whether the relative amounts of IgGl and
IgG3 was correlated with the GMT of the neutralizing
antibodies at different time points, and we noticed that a
higher percentage of individuals with IgGl > IgG3 is
correlated with a higher GMT of the neutralizing
antibody (Pearson correlation coefficient = 0.7718,
p-value = 0.0089, Figure S3). More specifically, at
1 month after primary immunization, the percentage of
individuals with IgG1/IgG3 > 2 is 39.7%, and the GMT of
the neutralizing antibodies was relatively high. At
3 months, the percentage of individuals with IgG1/
IgG3 > 2 decreased to 8.7%, and the GMT of the neutral-
izing antibodies decreased as well. At 6 months, the
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FIGURE 7 The association between IgG subclasses and neutralizing antibodies against the wild-type strain and variants at 3 months
after the booster shot. IgG1, IgG3 and I1gG1/1gG3 ratio grouped by the titres of neutralizing antibodies against the wild-type strain (a), Beta
(b), Gamma (c), Delta (d) and Omicron(e) variants. The dotted line represents the linear trend between the IgG1/IgG3 ratio and the titres of
different neutralizing antibodies. The grouping rationale similar to Figure 5 applies here

percentage of individuals with IgG1/IgG3 > 2 increased
to 12.0%, and the GMTs of the neutralizing antibodies
also increased (Table S3, Table S4, and Figure S1). There-
fore, we speculate that IgGl affinity maturation might
have occurred between 3 to 6 months after the primary
immunization with SARS-CoV-2 inactivated vaccines.

A positive correlation was observed between the ratio
of IgG1/IgG3 and GMT of the neutralizing antibodies
after we grouped the participants by their neutralizing
titre. Individually, when the IgG1/IgG3 ratio was less
than 5, the GMT of the neutralizing antibodies increased

concomitantly with the IgG1/IgG3 ratio. When the IgG1/
IgG3 ratio was 5 or higher, the GMT reached a plateau
phase (Figure S2).

The neutralization assay was conducted in vitro to
evaluate the potential inhibitory effect of antibodies
against the virus. The inhibitory effect primarily depends
on the selective binding of the Fab segment to the viral
epitope, while the function of the Fc segment remains
elusive. Three different types of Fc receptors (FcyRI,
FcyRII and FcyRIID) can interact with IgG. In humans,
the FcyRI is expressed on the surface of monocytes,
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macrophages and dendritic cells, and can effectively bind
to the monomeric IgG1 and IgG3 with high affinity [29].
Yates et al. have shown that the spike-specific IgG sub-
classes may contribute to COVID-19 disease severity
through regulating potent Fc-mediated effector functions
[30]. In addition, the different subclasses of vaccine-
elicited antibodies may differentially recruit and activate
innate immune effector cells expressing various IgG
receptors on their surface, thereby significantly affecting
the vaccine efficacy [31].

The present study has many strengths. First, we con-
structed a prospective cohort which covered a large sam-
ple size, a long follow-up time, and multiple time points.
Second, the correlation between IgG1/IgG3 ratio and the
GMT of the neutralizing antibodies is a novel discovery.

However, due to limited detection reagents, we were
only able to investigate the RBD-specific IgG subclasses
for the wild-type strain. Therefore, we cannot confidently
draw the practical conclusions regarding the Beta,
Gamma, Delta and Omicron variants. Further studies
will examine IgG subclasses specific to variant strains.

In conclusion, the findings of this study have indi-
cated that the 2-dose primary immunization of COVID-
19 inactivated vaccine only achieved low neutralization
ability. After administration of the booster shot, the neu-
tralization ability against the wild-type strain and all vari-
ants significantly improved. IgG subclass switching
affected neutralizing ability in people receiving COVID-
19 inactivated vaccines. The ratio of IgG1/IgG3 was posi-
tively correlated with the titre of neutralizing antibody.
The underlying mechanism is not yet clear, and requires
further research.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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