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ABSTRACT

Inactivated coronavirus disease 2019 (COVID-19) vaccines such as CoronaVac and BBIBP-CorV have been
widely used in China. However, more investigation is still needed to understand antibodies' duration and effec-
tiveness against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants in the real world. In
this study, 575 participants who had been vaccinated with two or three doses of the inactivated vaccine were
recruited. Serum samples were collected and tested for anti-spike IgG and neutralizing antibodies against
SARS-CoV-2 (original strain, Dela, and Omicron). Unsurprisingly, a third dose of the vaccine significantly
enhanced antibody responses against SARS-CoV-2 and its variants. However, despite a booster dose, the neu-
tralizing antibody levels against Omicron, particularly the BA.5.2 subvariant, remained low. There was no sex
bias, but an age bias was observed. Notably, the predominant IgG subclass antibodies were IgG1 and IgG2, with
a much lower level of IgG4. After the booster shot, the ratio of IgG4 to IgG1 significantly increased. The obser-
vation of IgG1 to the IgG4 class switch after repeated inactivated vaccinations underscores the importance of
continuous monitoring of subclass antibody responses. Further clinical investigations are required to under-
stand the implications of this class switch for optimizing immunization strategies.

© 2024 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), has led to unprece-
dented global healthcare and economic burdens [1,2]. Vaccines have
been indispensable in preventing infection and severe and critical ill-
nesses and reducing mortality [3-6]. As of February 2024, more than
13.59 billion vaccine doses were administered globally [7]. However,
the emergence of variants of concern (VOCs) with increased transmis-
sion and an immune escape capability, such as Delta and Omicron, has
driven waves of infections, which present enormous challenges to vac-
cination strategies [8].
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Multiple vaccines have been approved for global use, including
inactivated adenovirus-vectored mRNA and protein subunit vaccines
[9]. Inactivated vaccines are the primary vaccine type used in China.
In December 2020, China initiated primary immunization with two
doses of inactivated vaccines at intervals of 3-8 weeks and then imple-
mented a booster program with a third dose of inactivated vaccine in
October 2021. A booster program with a fourth dose of an inactivated
protein subunit, or adenoviral vector-based vaccine, was also initiated
in December 2022 [10]. However, most Chinese people have been vac-
cinated with only three doses of inactivated vaccines [11]. Despite an
ongoing booster program, the neutralizing capacity of the antibodies
elicited by inactivated vaccines against SARS-CoV-2 variants in China
remains largely unexplored in the real world.

IgG antibodies comprise four subclasses: IgGl, 1gG2, IgG3, and
IgG4 [12]. IgGl and IgG3 mediate inflammatory responses and pro-
mote cellular immune responses against pathogens. In contrast, IgG2
and IgG4 are involved in noninflammatory functions [12]. Recent
studies have found that the repeated administration of mRNA-based
SARS-CoV-2 vaccines induced an increase in IgG4 antibody levels,
along with a reduced capacity to mediate antibody-dependent cellular

2590-0536/© 2024 Chinese Medical Association Publishing House. Published by Elsevier BV.
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HIGHLIGHTS

Scientific question

Given the waning immune response over time and the
emergence of various concerns, the neutralizing capacity
of antibodies elicited by inactivated vaccines against sev-
ere acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) variants in China remains largely unexplored in
the real world.

Evidence before this study

A third booster dose enhances the immune response
against SARS-CoV-2 and its variants. However, the kinetics
of the IgG subclass responses remain largely unknown.
One study showed that inactivated vaccines predomi-
nantly induced IgG1 and IgG3, while IgG2 and IgG4 were
nearly undetectable.

New findings

Despite a booster dose of inactivated vaccine, neutralizing
antibody levels against Omicron, particularly the BA.5.2
subvariant, remained low. Notably, the predominant IgG
subclass antibodies were IgG1 and IgG2, with a much
lower level of IgG4. Repeated administration of inactivated
vaccines would lead to a higher conversion of IgG1 to
IgG4.

Significance of the study

First, our real-world seroepidemiological investigation of
antibody responses highlights the need for boosting with
more effective vaccines or optimization of immunization
strategies. Second, the observation of the IgG1/lgG4 class
switch alerts us to continue monitoring subclass antibody
responses. Further robust clinical investigations should
be conducted to provide deeper insight into how this
observation contributes to optimizing immunization
strategies.

phagocytosis (ADCP) and complement deposition (ADCD) [13].
Reduced ADCP and ADCD functions may affect the ability of the
immune system to clear viral infections or infected cells [14]. To date,
limited research has been conducted on IgG subclasses following vac-
cination with inactivated vaccines. One previous study found that IgG1
and IgG3 were the most abundant serum antibodies, whereas IgG2 and
IgG4 were almost undetectable at any time [15].

Here, we have conducted a serum epidemiological study to com-
prehensively evaluate the duration of anti-spike IgG antibodies, pre-
cisely the subclass antibody responses, and assessed their
neutralizing capacity against SARS-CoV-2 variants in healthy individ-
uals immunized with inactivated vaccines in China.

2. Materials and methods
2.1. Study design and participants

All participants were recruited from the Affiliated Nantong Hospi-
tal 3 of the Nantong University Outpatient Department (Nantong,
China). Individuals with a history of SARS-CoV-2 infection [based on
a surveillance polymerase chain reaction (PCR) test] were excluded.
In total, 575 serum samples were collected from vaccinated individu-
als after receiving the second or third dose of the inactivated vaccines.
Two hundred eighty-nine people received two doses of inactivated
vaccines, and their serum samples were collected in January 2022.

575 participants
screened
|
[ |
289 participants 286 participants
received two doses received three doses
Sera collected in Sera collected in
January, 2022 June, 2022
L J
I
Group
|
[ [ |
Time after
S Age: last dose:
Male 18-44ys 1-60d
Female 45598 61-120d
>59ys 121-180d
>180d
l | J
\
Measurements
IgG

Neutralizing antibodies
1gG subclass antibodies

Statistical analysis

Fig. 1. Schematic diagram outlining the workflow of this study. Abbrevia-
tions: ys represents years old; d represents days.

The number of days since the second vaccination ranged from 123 days
to 293 days. Two hundred eighty-six participants received three doses
of inactivated vaccines, and their serum samples were collected in
June 2022—the days since the third vaccination ranged from 15 to
225 days. Fig. 1 shows a schematic outline of the workflow of this
study.

All participants included in the study had no underlying diseases or
known history of exposure to or infection with SARS-CoV-2. The serum
was separated from peripheral blood in serum-gel tubes via centrifuga-
tion, aliquoted, and stored at —80 °C before use.

2.2. Cell lines

HEK 293T and Huh7 cells were used for pseudovirus production
and titration assays. Both cell lines were maintained in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco) with 10 % fetal bovine serum
(FBS., Gibco), 100 U/mL penicillin (Gibco) and 100 pg /mL strepto-
mycin (Gibco).

2.3. Vaccines

The participants mainly received two types of inactivated SARS-
CoV-2 vaccines approved by the China Food and Drug Administration
(CFDA): CoronaVac (Sinovac Biotech) and BBIBP-CorV (Beijing Insti-
tute of Biological Products). These two inactivated vaccines have
shown promising efficacy and genetic stability in clinical trials and
are China’s most popular SARS-CoV-2 vaccines [16,17].

2.4. Detection of IgG antibody by enzyme-linked immunosorbent assay
(ELISA)

In order to examine the levels of IgG antibodies and subclasses in
human serum samples, ELISA was performed as described previously
[18]. Briefly, SARS-CoV-2 spike (S) protein (S protein from wild type
strain was used for Fig.1-6 and Supplementary Fig 1; S protein from
BA.5.2 was used for Supplementary Fig. 2) was diluted in coating buf-
fer (pH 9.6, 0.05 mol/L Na,CO3-NaHCOs3) and then applied to 96-well
ELISA plates (Corning) at 100 ng/well overnight at 4 °C. The pre-
coated plates were then blocked with 5 % nonfat milk in phosphate-
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Fig. 2. Antibody responses after receiving two doses of inactivated vaccines. A) Schematic illustration of the study design. A total of 289 participants were
enrolled in this group. Serum samples were evaluated by ELISA for SARS-CoV-2 S protein-specific IgG antibodies in different time post-vaccination groups (B) and
in different age groups (C). The 50 % serum neutralization titers (NT50) against SARS-CoV-2 pseudoviruses bearing spike proteins from the original virus, the
Delta variant, and the Omicron variant BA.1 or BA.5.2 were calculated by nonlinear regression and compared between time post-vaccination groups (D, G, J, and
M), age groups (E, H, K, and N), and sex groups (F, I, L, and O). Black horizontal bars in B - O indicate the mean values with 95 % CIs of each group. Statistical
significance was determined by the Mann-Whitney U test and Kruskal-Wallis test. P values and fold changes of GMTs are labeled on each graph. Abbreviations:
anti-S, anti-spike; GMT, geometric mean titer; ELISA, enzyme-linked immunosorbent assay; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CI,
confidence interval.
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Fig. 4. Comparison of antibody responses between two-dose and three-dose groups. A) SARS-CoV-2 S protein IgG antibody titers were compared between the two-
dose group and the three-dose group. B) and C) Correlation analysis between binding antibody titers and neutralizing antibody titers was performed for both the
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buffered saline (PBS) containing 0.05 % Tween-20 (PBS-T) for 2 h at
37 °C and washed three times with washing buffer (PBS-T). Serum
samples were tested at a starting dilution 1:100 and serially diluted
two-fold. After 2 h incubation with the diluted serum samples, plates
were washed three times with PBS-T and then incubated with five
horseradish peroxidase (HRP)-conjugated anti-human IgG antibodies
for 1 h at 37 C. The following antibody dilutions were used in the

developed with a tetramethylbenzidine (TMB, Life Technologies) sub-
strate. After 15 min of incubation in the dark, the reaction was stopped
using 2 mol/L H,SO,4. A microplate reader (BioTek) was used to read
the absorbance at 450 nm with a correction wavelength of 630 nm.
Twenty pre-pandemic serum samples collected before January 2019
were tested for IgG antibodies and IgG subclass antibodies to establish
the cut-off value for calculating the endpoint titer. The cut-off value

experiment: total IgG (Abcam, 1:100,000), IgG1l (SinoBiological,
1:50,000), IgG2 (Abcam, 1:4,000), IgG3 (Invitrogen, 1:3,000) and
IgG4 (Abnova, 1:6,000). Plates were washed thrice with PBS-T and

was determined using the following equation:

- 1
Cut — off =X +SDt /1 + <H>

<

Fig. 3. Antibody responses after receiving three doses of inactivated vaccine. A) Schematic illustration of the study design. A total of 286 participants were
involved in this group. (B) and (C) Serum samples were tested by ELISA for SARS-CoV-2 S protein IgG antibodies at different time points post-vaccination groups
(B) and in different age groups (C). The 50 % serum neutralization titers (NT50) against SARS-CoV-2 pseudoviruses bearing spike proteins from the original virus,
the Delta variant, or the Omicron variant were calculated by nonlinear regression and compared between different time (D, G, J, and M), age groups (E, H, K, and
N), and sex groups (F, I, L, and O). Black horizontal bars in B - O indicate the mean values with 95 % CIs of each group. Statistical significance was determined by
the Mann-Whitney U test and Kruskal-Wallis test. P values and fold changes of GMTs are labeled on each graph. Abbreviations: anti-S, anti-spike; GMT, geometric
mean titer; ELISA, enzyme-linked immunosorbent assay; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; CI, confidence interval.
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X is the mean of the optical density (OD) value; SD is the standard
deviation; n is the number of independent controls, t is the (1-a)th per-
centile of the one-tailed t-distribution with v = n-1 degrees of freedom
[19]. Based on the results from 20 pre-pandemic serum samples, the
cut-off values for total IgG, IgG1, IgG2, and IgG4 were determined to
be 0.12, 0.26, 0.26, and 0.18, respectively. In order to calculate the
endpoint titer of the binding antibodies, a linear graph was generated
by plotting the log10 of serum dilutions versus the corrected OD values
(OD450-0D630) within the linear portion of the curve (y = kx + b,
r* > 0.95). The endpoint titer was determined as the log10 of the
serum dilution at the point where the curve crossed the defined cut-
off value.

2.5. Pseudovirus production and titration

To assess the neutralizing capacity of the serum samples against
SARS-CoV-2 and its VOCs, SARS-CoV-2 spike pseudotyped viruses were
generated as described previously [20]. Briefly, the codon-optimized
gene encoding the spike protein of the SARS-CoV-2 original strain
(NC_045512), delta variant (B.1.617.2), or Omicron variant
(B.1.1.529 or BA.5.2) with a C-terminal 19-amino acid deletion was

synthesized and cloned into the pCAGGS vector. HEK 293T cells were
transfected with 1 pg of pCAGGS-spike and 15 pg of pNL4-3. luc. RE
using polyethyleneimine (2 pL per 1 pg of plasmids) (Polysciences).
Cell culture supernatants were collected at 48 h post-transfection.
The 50 % tissue culture infectious dose (TCID50) protocol was used
to determine viral titers. Pseudoviruses were serially diluted and added
to 1 x 10* Huh7 cells in 96-well plates. The medium was replaced
with fresh growth medium 12 h post-infection, and the cells were cul-
tured for an additional 48 h. Luciferase activity was examined
using a Steady-Glo Luciferase Assay System (Promega) and measured
using a microplate reader (BioTek). Relative luminescence units
(RLU) 10-fold were considered positive above the mean background
value.

2.6. Pseudovirus neutralization assay

To determine the neutralizing capacity of the sera against SARS-
CoV-2 and its VOCs, a pseudovirus neutralization assay was performed
as previously described [20]. Briefly, the serially diluted serum sam-
ples (two-fold) were incubated with 200 TCID50 of pseudoviruses
for 1 h at 37 °C and were then applied to 96-well plates that were
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(P > 0.05); *, P < 0.05; **, P < 0.01.

pre-seeded with Huh7 cells. Cells were incubated with the mixture at
37 °C for 12 h and then replaced with fresh growth medium. After
48 h, the luciferase activity of the cells was measured as described
above. Nonlinear regression was used to calculate 50 % neutralization
titers (NT50) against the pseudoviruses (GraphPad Prism 8.0). The
NT50 was defined as the half-maximal inhibitory dilution of serum

normalized to that of the infection control (virus without serum sam-
ples). To define a negative NT50, we performed a two-fold serial dilu-
tion of pre-pandemic sera (starting from 1:10) in duplicate; none
demonstrated neutralizing activity against the original SARS-CoV-2
and its variants. Therefore, we defined half of the initial dilution,
1:5, as the negative NT50.
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Table 1
Demographic characteristics of study participants.

Characteristics Two-dose group Three-dose group
(N = 289) (N = 286)
Sex, number (%)

Male 195 (67.5) 154 (53.8)
Female 94 (32.5) 132 (46.2)
Age, years' 46 (32-55) 39 (26-52)

Age groups (years), number (%)

18-44 136 (47.1) 168 (58.7)
45-59 127 (43.9) 96 (33.6)
> 59 26 (9.0) 22(7.7)

Days after vaccination (days), number (%) *
1-60 0 30 (14.1)
61-120 0 68 (31.9)
121-180 129 (59.0) 73 (34.3)
> 180 90 (41.0) 42 (19.7)

Note: * represents the number of participants for the two-dose and three-dose
groups, which are 219 and 213, respectively; i represents median (in-
terquartile range).

2.7. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.0
unless specified otherwise. A t-test or one-way ANOVA with Tukey’s
multiple comparison test was performed for statistical comparisons
between groups. Correlations between binding and neutralizing
antibody titers were determined using Pearson’s correlation tests. A
non-parametric test was performed using the SPSS 26.0 software
when the variables did not follow a normal distribution.
A two-sided test and P value < 0.05 were considered statistically
significant.

3. Results
3.1. Baseline characteristics of the participants

A total of 575 serum samples were obtained from all participants
and categorized into two groups based on the doses of vaccines they
received: a two-dose group and a three-dose group. Subgroup analyses
were conducted within each group based on age, sex, and number of
days post-vaccination (Table 1). The participants in the two-dose
group ranged from 18 to 76 years old (ys), with a median age of 46
ys, and 67.5 % were male. In the three-dose group, the age ranged
from 18 to 74 ys, with a median age of 39 ys, and 53.8 % of patients
were male.

Based on the time post-vaccination, each group was divided into
four subgroups: 1-60, 61-120, 121-180, and > 180 days. Of the
575 participants, 432 provided detailed information on the vaccina-
tion date (219 in the two-dose group and 213 in the three-dose group).
In the two-dose group, 0 (0.0 %), 0 (0.0 %), 129 (59.0 %), and 90
(41.0 %) were at 1-60, 61-120, 121-180 and > 180 days, respec-
tively. In the three-dose group, 30 (14.1 %), 68 (31.9 %), 73
(34.3 %), and 42 (19.7 %) were at 1-60, 61-120, 121-180,
and > 180 days, respectively.

3.2. Antibody responses after receiving two doses of inactivated vaccines

First, we evaluated anti-spike IgG antibody levels using ELISA and
viral neutralizing antibodies (NAbs) using a pseudovirus neutralization
assay (Fig. 2A). In the two-dose group, the geometric mean titers
(GMTs) of the anti-spike IgG antibodies were 2.73 (95 % confidence
interval (CI) 2.68-2.78) between 121-180 days post the second dose
of vaccine, and the GMTs decreased to 2.66 (95 % CI 2.60-2.71) after
180 days (Fig. 2B). Furthermore, a significant reduction in IgG anti-

bodies was observed in senior participants. The GMTs were 2.74
(95 % CI 2.69-2.79), 2.69 (95 % CI 2.64-2.73), and 2.53 (95 % CI
2.40-2.66) for the 18-44, 45-59, and > 59 ys groups, respectively
(Fig. 20).

We further measured the neutralizing titers using a pseudovirus-
neutralizing assay. The GMTs of the NAbs against the original virus
between 121-180 days was 29.1 (95 % CI 22.2-37.4) and declined
to 21.5 (95 % CI 17.6-26.7) after 180 days (Fig. 2D). For the Delta
variant, the GMTs NAbs titer was 18.1 (95 % CI 15.5-20.7) in the
121-180 days group and declined to 13.4 (95 % CI 10.9-16.1) in
the > 180 days group (Fig. 2G). While for the Omicron BA.1 subvari-
ant, the GMTs was 8.9 (95 % CI 7.1-9.4) between 121-180 days and
dramatically declined to 6.0 (95 % CI 5.6-6.7) in the > 180 days
group, with a majority of the samples virtually undetectable (Fig. 2J).

Age subgroup analysis revealed that the GMTs NAbs titer in the
18-44 ys group was 33.8 (95 % CI 29.4-38.6), 19.9 (95 % CI
17.2-22.5), and 7.5 (95 % CI 6.8-8.8) for the original, Delta, and Omi-
cron BA.1, respectively. In the 45-59 ys group, the GMTs were 23.9
(95 % CI 20.4-28.0), 15.4 (95 % CI 13.1-17.7), and 6.9 (95 % CI
6.3-7.3), respectively. While in the senior group (>59 ys), the GMTs
dropped to 19.1 (95 % CI 13.3-28.1), 12.7 (95 % CI 9.3-17.4), and 6.0
(95 % CI 5.2-6.9), respectively (Fig. 2E, H, and K).

In addition, we evaluated NAbs against BA.5.2, one of the domi-
nant sub-variants during the Omicron wave, at the end of 2022 and
early 2023 in China. Unfortunately, 345 serum samples were finished.
The remaining 230 serum samples exhibited a comparable distribution
of age, sex, and days post-infection with the initial 575 samples (Sup-
plementary Table 1). The binding antibody titers specific to the Omi-
cron BA.5.2 spike were much lower than those to the original spike.
They showed significant differences between age groups (Supplemen-
tary Fig. 2), which is unsurprising given the over 30 point mutations
identified in BA.5.2 spike protein compared to the original spike
[21]. The GMTs of NAbs against BA.5.2 remain low among days
post-vaccination and age groups (8.8 [95 % CI 6.5-11.8], and 7.5
[95 % CI 6.0-9.3] for 121-180 days and > 180 days groups, respec-
tively; 8.6 [95 % CI 6.9-10.71, 8.0 [95 % CI 6.1-10.5], 6.0 [95 % CI
4.0-9.2] for 18-44, 45-59, and > 59 ys groups, respectively). No sig-
nificant differences were observed between the subgroups (P > 0.05)
(Fig. 2M and N).

We did not observe statistically significant sex differences in anti-
body responses. In females, the GMTs of NAbs were 24.8 (95 % CI
20.5-30.5), 14.8 (95 % CI 12.5-17.8), 6.9 (95 % CI 6.2-7.6) and 7.6
(95 % CI 5.8-10.1), against Original, Delta, Omicron BA.1 and
BA.5.2, respectively. In males, the GMTs of NAbs were 28.5 (95 %
CI 25.4-32.4), 18.1(95 % CI 16.3-20.3), 7.1 (95 % CI 6.6-7.5), and
8.4 (95 % CI 6.9-10.3), respectively (Fig. 2F, I, L and O).

3.3. Antibody responses after receiving three doses of inactivated vaccines

In the three-dose group, the time since the third vaccination ranged
from 15 to 225 days (Fig. 3A). Our data showed that the antibody
titers gradually decreased over time (Fig. 3B). The GMTs were 3.23
(95 % CI 3.13-3.32), 3.09 (95 % CI 3.04-3.14), 3.03 (95 %
2.99-3.07), and 3.01 (95 % CI 2.95-3.07) in the 1-60, 61-120,
121-180, and > 180 days subgroups, respectively. Next, we compared
the GMTs between the age groups. The GMTs were 3.13 (95 %CI
3.10-3.17), 3.06 (95 % CI 3.02-3.09), and 3.04 (95 % CI 2.96-3.11)
in the 18-44, 45-59, and > 59 ys groups, respectively. A significant
difference was observed between the 18-44 and 45-59 ys groups (P
< 0.05) (Fig. 3C).

The GMTs of the NAbs against the original virus were 183.1 (95 %
CI 127.3-266.4), 135.4 (95 % CI 107.4-170.5), 94.2 (95 % CI
74.4-119.7), and 66.4 (95 %CI 48.5-93.1) in the 1-60, 61-120,
121-180 and > 180 days groups, respectively (Fig. 3D). NAbs showed
a significant reduction in 45-59 and > 59 ys groups compared to the
18-44 ys group, with GMTs at 100.1 (95 % CI 83.2-123.2), 91.4 (95 %
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CI 56.4-149.4), and 149.1 (95 % CI 129.3-172.1), respectively
(Fig. 3E).

The GMTs of NAbs against the Delta variant were 90.1 (95 % CI
61.5-128.6), 77.3 (95 % CI 60.1-99.4), 54.1 (95 % CI 41.3-70.9),
and 42.3 (95 % CI 28.9-60.5) in the 1-60, 61-120, 121-180
and > 180 days groups, respectively (Fig. 3G). A significant reduction
of NAbs in the 45-59 and > 59 ys groups was observed compared to
the 18-44 ys group, with the GMTs measured at 60.5 (95 % CI
49.3-74.3), 52.1 (95 % CI 33.6-83.1), and 84.3 (95 % CI
72.1-100.0), respectively (Fig. 3H).

The GMTs of NAbs against the Omicron BA.1 variant were 38.5
(95 % CI 25.3-59.4), 30.1 (95 % CI 22.4-41.2), 22.5 (95 % CI
16.9-30.1) and 17.6 (95 % CI 11.5-26.3) in 1-60, 61-120,
121-180, and > 180 days groups, respectively (Fig. 3J). Regarding
the age subgroup analysis, the GMTs in the 18-44 ys group were
35.7 (95 % CI 28.3-43.4), which was higher compared to the 45-59
ys group (24.7, 95 % CI 19.4-31.8) and the > 59 years group
(21.5,95 % CI 13.1-37.1) (Fig. 3K).

We observed a significant reduction in NAbs against Omicron
BA.5.2. The GMTs were 11.7 (95 % CI 7.6-18.0), 9.4 (95 % CI
6.4-13.6), 8.8 (95 % CI 6.7-11.5), and 9.2 (95 % CI 6.1-13.9) in the
1-60, 61-120, 121-180, and > 180 days groups, respectively
(Fig. 3M). Regarding the age subgroup, the GMTs were 11.6 (95 %
CI 9.3-14.2), 11.4 (95 % CI 8.3-15.5), 9.1 (95 % CI 5.6-15.1) in the
18-44, 45-59, >59 ys groups, respectively (Fig. 3N). The NAbs
against BA.5.2 remain low among groups. No significant differences
were observed between subgroups (P > 0.05).

Similar to the two-dose group, no sex bias was observed in the
NADs elicited by the three doses of inactivated vaccines (Fig. 3F, I,
L, and O).

3.4. Comparison of antibody responses between two-dose and three-dose
groups

Next, we compared the antibody levels between the two- and three-
dose groups, aiming to contribute to the knowledge regarding the
immunogenicity and protective efficacy of a booster dose of the
vaccine.

First, we compared IgG titers between the two- and three-dose
groups. A booster shot significantly increased the GMTs of IgG anti-
bodies, from 2.70 (95 % CI 2.67-2.73) in the two-dose group to
3.10 (95 % CI 3.07-3.12) in the three-dose group (Fig. 4A). Correla-
tion analysis revealed a marked positive correlation between binding
antibody titers and NAD titers against the original virus in both groups
(Fig. 4B and C).

Next, we compared NAbs against SARS-CoV-2 variants. In the two-
dose group, the NAbs against Delta and Omicron BA.1 significantly
dropped compared to the original virus, with the GMT measured at
16.9 (95 % CI 15.3-19.0), 6.6 (95 % CI 5.9-7.2), and 27.6 (95 % CI
24.4-30.5), respectively. Compared to the original virus, NAb titers
decreased by 1.63-fold for the delta variant and 4.18-fold for the Omi-
cron BA.1.

While in the three-dose group, the GMTs of NAbs against the orig-
inal virus, Delta variant, and Omicron BA.1 were 127.1 (95 % CI
112.5-142.1), 73.1 (95 % CI 65.2-82.8) and 30.3 (95 % CI
25.7-34.7), respectively. Compared to the original virus, NAb titers
decreased by 1.74-fold for the Delta variant and 4.19-fold for the Omi-
cron variant, respectively. Furthermore, we compared the two groups
and found that the NAD titers against all three SARS-CoV-2 strains
were significantly elevated after a third dose of the inactive vaccine
(4.6-fold for original, 4.32-fold for Delta, and 4.59-fold for Omicron
BA.1), further emphasizing the importance of a third booster dose of
the vaccine in enhancing the immune response (Fig. 4D).

Due to the varying number of participants analyzed for Omicron
BA.5.2 compared to other variants, we opted to compare the NAbs
against BA.5.2 between the two- and three-dose groups instead of com-

paring them against different variants (Fig. 4E). Our data revealed that
the neutralizing antibodies against BA.5.2 persist at a low level even
after a third booster dose (only a 1.41-fold increase), unlike the Orig-
inal, Delta, and BA.1 strains, where we observed a 4.6-, 4.32—, and
5.49- fold increase after a third booster dose, respectively (Fig. 4D
and E).

3.5. IgG subclass responses after receiving inactivated vaccines

Next, we evaluated IgG subclass responses. Surprisingly, unlike pre-
vious reports [15], our study revealed a substantial amount of IgG2
and IgG4 antibodies, whereas IgG3 antibody responses were almost
undetectable (data not shown). In the two-dose group, the GMTs were
2.33 (95 % CI 2.16-2.27) and 2.30 (95 % CI 2.25-2.34) for IgG1, 2.06
(95 % CI 2.01-2.11) and 2.02 (95 % CI 1.97-2.07) for IgG2, 1.84
(95 % CI 1.80-1.89) and 1.90 (95 % CI 1.83-1.96) for 1gG4 in the
121-180 days and > 180 days groups, respectively (Fig. 5A).

While in the three-dose group, the GMTs was 2.57 (95 % CI
2.48-2.65), 2.50 (95 % CI 2.46-2.54), 2.40 (95 % CI 2.35-2.44),
and 2.37 (95 %CI 2.31-2.43) for IgGl; 2.32 (95 % CI 2.22-2.43),
2.23 (95 % CI 2.17-2.29), 2.18 (95 % CI 2.12-2.23), and 2.13
(95 % CI 2.05-2.20) for IgG2; and 2.18 (95 % CI 2.08-2.27), 2.14
(95 % CI 2.08-2.21), 2.08 (95 % CI 2.01-2.15), and 2.18 (95 % CI
2.10-2.26) for IgG4 in the 1-60, 61-120, 121-180, and > 180 days
subgroups, respectively (Fig. 5B).

To investigate whether the administration of inactivated vaccines
changes IgG subclass responses, we assessed the ratio of 1gG4/1gG1
over time following either two or three doses of inactivated vaccines.
After administering two doses of the vaccines, the I1gG4/IgG1 ratio sig-
nificantly increased, indicating the conversion of IgG1 to IgG4 over
time (Fig. 6A), suggesting that the immune response shifted towards
the IgG4 subclass response after six months. Interestingly, no signifi-
cant changes in the IgG4/IgG1 ratio were observed over time follow-
ing the administration of the three doses of the inactivated vaccines
(Fig. 6D). Furthermore, we analyzed the I1gG4/IgG1 ratio across age
and sex subgroups and found no significant differences (Fig. 6B, C,
E, and F).

Notably, when comparing the IgG4/IgG1 ratio between the two-
and three-dose groups, we found that there was an increase in the
IgG4/1gG1 ratio after three doses of vaccines, suggesting that repeated
administration of inactivated vaccines may lead to a more pronounced
conversion of IgG1 to I1gG4 (Fig. 6G, H, and I).

4, Discussion

With the waning immune response over time and the emergence of
VOCs with enhanced immune evasion abilities [5,22-25], it is crucial
to gather more data on vaccine immunogenicity in real-world studies.
In this study, our data demonstrated that the antibody immune
responses elicited by two doses of the inactivated vaccine dramatically
decreased six months post-immunization. Especially for the Omicron
variants, two doses of inactivated vaccines failed to maintain an effec-
tive immune response after six months, as evidenced by neutralizing
antibody titers near the lower detection limit. In comparison, a third
booster dose of the inactivated vaccine was found to significantly
increase antibody immune responses against the original, Delta, and
Omicron BA.1. Consistent with previous studies [5,26-29], these find-
ings highlight the importance of a third booster dose in increasing the
immune response against SARS-CoV-2 and its VOCs. However, by com-
paring the neutralizing antibody titers against the original virus, Delta,
and Omicron, particularly one of the dominant subvariant of BA.5.2
during the Omicron wave at the end of 2022 and early 2023 in China,
our results demonstrated that both two and three doses of inactivated
vaccines resulted in shallow levels of neutralizing antibodies against
Omicron, particularly for the BA.5.2 subvariant, which is not unex-
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pected given the enhanced immune escape of Omicron [30,31]. More
effective vaccine types and optimization of vaccine strategies should
be investigated.

Although it is well known that antibody immune responses wane
over time post-vaccination, the waning rate might be differentially
affected by factors such as age, sex, serostatus, and specific comorbidi-
ties [17,32-37]. Understanding how these factors influence the
immune response will help determine the optimal vaccination strate-
gies, especially in specific individuals. In this study, we have investi-
gated whether antibody responses are affected by intrinsic host
factors such as age and sex. Our results showed no sex bias, but there
were age differences in the immune responses. In both the two- and
three-dose groups, the antibody responses were more vital in the
younger subgroup (18-59 years) than in the older subgroup
(>59 years). Neutralizing antibody titers, especially against Omicron,
declined substantially six months after two doses of inactivated vacci-
nes among older participants. Vaccination reduces breakthrough and
symptomatic cases of SARS-CoV-2 infection in vulnerable individuals
[17,35,37,38]. A phase 4 clinical trial showed that, in elderly individ-
uals primed with two doses of CoronaVac, heterologous immunization
with an adenoviral vaccine (Ad5-nCOV) induced potent antibodies
against wild-type SARS-CoV-2 and its variants, which could be an
alternative regimen for enhancing protection in elderly individuals
[39].

The subclass of antibody responses elicited by the different SARS-
CoV-2 vaccination platforms and their effects on vaccine efficacy have
not been thoroughly investigated. The observation of a class switch
towards noninflammatory IgG4 antibodies following repeated
mRNA-based SARS-CoV-2 vaccination has attracted considerable
attention [13,40]. However, limited research has been conducted on
IgG subclass responses to inactivated SARS-CoV-2 vaccination. To
the best of our knowledge, only one study has reported that the pre-
dominant IgG subclasses are IgG1 and IgG3, with IgG2 and IgG4 being
nearly undetectable [15]. Interestingly, our results suggest that the
predominant IgG subclasses were IgG1 and IgG2, with a lower IgG4
antibody response, whereas IgG3 was found to be almost undetectable.
The observed differences in IgG3 levels between studies could poten-
tially be attributed to different quantification criteria or the time
elapsed after immunization. Compared with other IgG subclasses,
IgG3 has a relatively short half-life, which may contribute to its tran-
sient presence after immunization [41,42]. Notably, our results
revealed an increased IgG1 to IgG4 conversion after vaccination with
the inactivated vaccines. This discrepancy from another study indi-
cated that IgG subclass responses after vaccination need to be carefully
studied and monitored.

A class switch from IgG1 to IgG4 is associated with reduced capac-
ity for Fc-mediated ADCP and ADCD, which may limit the control of
viral infection [14]. [gG4 antibodies induced by repeated mRNA vac-
cines may generate immune tolerance, which may potentially result
in unintended consequences in susceptible individuals, such as comor-
bidities and immunocompromised individuals [43,44]. Studies have
shown that lethal COVID-19 cases are associated with high levels of
IgG4 antibodies [45]. However, accurately deciphering the effect of
increased 1gG4 levels on immunity remains challenging. How this
IgG1/1gG4 switch contributes to the antibody-neutralizing capacity
in response to breakthrough infection and its implications for disease
outcomes remain largely unexplored.

Nonetheless, our finding of a class switch from IgG1 to IgG4 in
inactivated vaccines alerts us to monitor subclass antibody responses
closely, which may also contribute to the choice of future booster
immunizations against SARS-CoV-2; for example, opting for an aden-
oviral vector-based vaccine or protein vaccine, not only because of
the benefits of heterologous immunization strategies, but may also
avoid the induction of IgG4 antibody responses if it is harmful
[13,46]. However, further clinical investigations of IgG subclasses
should be conducted in order to draw definitive conclusions.

The present study had several limitations. First, it focused solely on
IgG antibodies. Mucosal IgA, considered the critical first line of
immune defense, has drawn considerable attention. Studies have
shown that higher levels of mucosal IgA are associated with better pro-
tection against breakthrough infections than serum IgG [47-49]. It
would be valuable to include IgA or IgM analyses to obtain a compre-
hensive understanding of the humoral immune responses elicited by
inactivated vaccines. Second, two different vaccines (BBIBP-CorV
and CoronaVac) were used in this study. While these were combined
in the data analysis owing to the absence of observed differences (Sup-
plementary Fig 1), which aligns with another previous study [27], it
might be worthwhile to perform separate analyses for a more nuanced
understanding of the results. Third, a repeated cross-sectional or longi-
tudinal study should be conducted in the future in order to explore
dynamic changes in antibody responses. Finally, follow-up infection
information should be collected to assess the effectiveness of two or
three doses of vaccines against breakthrough infections.

Currently, several types of vaccines are available for SARS-CoV-2,
including mRNA-based, protein subunit-, viral-based, and inactivated
vaccines [9]. In China, the last three vaccine platforms are currently
available. Previous studies have shown that individuals who received
Ad5-vectored or protein-subunit vaccines had higher NAbs against
Omicron subvariants than those who received inactivated vaccines
[39,50,51]. Although the inactivated vaccine was less effective against
Omicron, it remained robust in reducing the risk of asymptomatic or
mild Delta or Omicron variants of COVID-19 progressing to pneumo-
nia and COVID-related I.C.U. admission [6,52-54]. A recently pub-
lished study found that inactivated vaccines significantly reduced the
risk of death from COVID-19 in China compared to other vaccines in
a retrospective cohort study involving 1,352 patients between Novem-
ber 2022 and February 2023 [11]. Because different vaccine platforms
are used, it is essential to explore the long-term effects of these vac-
cines. Continued research will contribute to our understanding of
the protection provided by different vaccine platforms and inform
future vaccination strategies.

In summary, our findings have highlighted the significance of boos-
ter vaccine doses in enhancing immune responses, particularly in older
individuals. The notable increase in the conversion of IgG1 to I1gG4
prompted us to continue monitoring the immune responses after
vaccination.
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