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Since the outbreak of the coronavirus disease 2019
(COVID-19) in December 2019 [1], the continuously
emerging severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) variants have been identified
and reported in different regions and countries world-
wide, such as Alpha (B.1.1.7), Beta (B.1.351), Gamma
(P.1), Delta (B.1.617.2), Omicron (B.1.1.529), Kappa
(B.1.617.1), Eta (B.1.525), and Iota (B.1.526) [2,3].
SARS-CoV-2 variants have contributed to several
waves of the COVID-19 pandemic, whose transmissi-
bility and infectivity are much higher than the original
wild-type (WT) virus. More seriously, these variants
largely escaped the neutralization by convalescent
and vaccine-elicited plasma and monoclonal neutra-
lizing antibodies (nAbs), greatly hindering the devel-
opment of effective measures to prevent and control
the virus infection.

Vaccination has long been a crucial measure to pro-
tect human against the infection of pathogens and can
establish solid immune barriers in populations. Cur-
rently, various kinds of SARS-CoV-2 vaccines includ-
ing inactivated vaccine (Sinopharm, Sinovac), DNA
vaccine (Inovio), mRNA vaccine (Pfizer/BioNTech,
Moderna), adenovirus vector vaccine (AstraZeneca/
Oxford, Johnson & Johnson, Cansino), and protein
vaccine (Novavax, Zhifei), showed good efficacy and
therefore were adopted by various countries for popu-
lation immunization [4–7]. For the individuals pre-
viously infected with SARS-CoV-2, it is debated
whether they should be vaccinated or not. Indeed,
the natural virus infection could induce robust anti-
body responses in COVID-19 patients which could
be maintained after 7 months since the symptom

onset [8]. However, the neutralizing activities of the
convalescent plasma were gradually decreased,
especially after one year of recovery [9], suggesting a
risk of re-infection of SARS-CoV-2 variants.

Indeed, several studies have reported that break-
through infections occurred in some vaccine recipi-
ents, indicating that there is a strong correlation
between the immune protection and the value of
nAbs [10]. Therefore, it is very important to monitor
the longitudinal dynamics of plasma nAbs against
the emerging SARS-CoV-2 variants continuously.
The antibody responses to the mRNA and viral vector
vaccines have been evaluated in individuals who pre-
viously infected with SARS-CoV-2 [11]. It is found
that the high levels of nAbs against both the WT
virus and variants were initialized by one or two
doses of vaccines [12]. However, the antibody
response to SARS-CoV-2 variants boosted by the inac-
tivated vaccine in convalescent individuals is still
unknown and the level of enhancement and the
broad spectrum in neutralizing activity remain elusive.

In this study, we monitored the longitudinal
dynamics of plasma IgG, IgA, and IgM binding to
the SARS-CoV-2 WT receptor binding domain
(RBD) in 22 of convalescent COVID-19 individuals
who received at least one dose of inactivated vaccine
(Figure S1A, Table S1). The levels of RBD-specific
antibodies gradually declined with time over. Then
we evaluated the changes of plasma antibodies after
the inoculation of the inactivated vaccine. The fol-
low-up period was divided into three phases including
the early stage of recovery (median time: one month),
late stage of recovery (median time: one year, i.e.
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before vaccination), and post vaccination (Figure
S1B). The geometric mean values of RBD-specific
IgG, IgA, and IgM decreased to 23.7%, 34.4%, and
29.1%, respectively in the late stage of recovery (Figure
S1C). After the vaccination with inactivated vaccine,
the levels of IgG had 3.9-fold increase as compared
with those before vaccination, and reached the similar
levels with those in the early stage of recovery. By con-
trast, the boosted vaccination failed to induce a recal-
ling IgA or IgM response, suggesting that virus-
specific IgG may play a more important role in the
long-term antibody protection.

To further evaluate the neutralizing activities of
plasma against SARS-CoV-2 variants, we constructed
seven kinds of pseudoviruses based on the HIV-1
backbone, including WT (Wuhan reference strain),
Alpha, Beta, Delta, Kappa, Eta, and Iota variants
(Figure S2), and then performed the pseudovirus-neu-
tralization assay. The diverse mutations in the region
of spike protein contributed to their distinct neutraliz-
ing resistance. As shown in Figure 1(a), Figure S3, and
Table S2, although the convalescent plasma showed
effective neutralizing activities in the early stage of
recovery, their geometric mean titers (GMTs) of

Figure 1. Neutralizing activities against WT SARS-CoV-2 and variants in convalescent individuals received the inactivated vaccine.
(a) Plasma neutralizing activities against each SARS-CoV-2 strain in three follow-up time points were measured and shown in the
values of 50% inhibition dilution (ID50). (b) The broad spectrum of plasma nAbs in three follow-up time points. The GMT of nAbs
against each variant was compared to that against WT, respectively. The positive rates of nAbs were marked at the bottom of each
column. (c) The durability of broadly nAbs post the boosted vaccination. Paired plasma samples were collected from five individ-
uals at Week 2 (n = 4) or Week 4 (n = 1) and Month 3 post vaccination and then tested the neutralizing activities against WT SARS-
CoV-2 and variants. “-” represents decreased neutralization activity, “+” represents increased neutralization activity. The paired t
test is performed here. “****” means P < .0001, “***” means P < .001, “**” means P < .01, “*” means P < .05, “ns” means not sig-
nificant. The GMT, fold-change, and significance of difference were labeled on the top. The limit of detection was 1:20 dilution. The
data below the limit was set to 20 for visualization.
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nAbs were largely decreased in the late stage of recov-
ery, especially against various SARS-CoV-2 variants.
After the boosted vaccination with inactivated vaccine,
the neutralizing activities of plasma against the WT
and six mutated viruses we tested were significantly
increased 6.9-fold to 17.3-fold as compared with
those before vaccination, whose levels were compati-
ble to those in the early stage of recovery.

To better evaluate the broadness of plasma nAbs
in different stages of follow-up, we rearranged these
neutralization results by different time periods to
directly compare their neutralizing values against
SARS-CoV-2 variants. As shown in Figure 1(b), the
plasma collected in the early stage of recovery had
high levels of nAbs against both WT SARS-CoV-2
and variants, whose GMTs ranged from 176 to 630
and neutralizing antibody positive rates were 100%
in all seven tested viruses. Along with the time
over, the levels of nAbs were significantly decreased
after one year. Especially, most of plasma samples
lost their neutralizing activities against SARS-CoV-
2 variants, and the positive rates of nAbs had also
been dropped to 9.1% to 77.3%. Among them, a
total of 22 individuals accepted at least one dose of
inactivated vaccine and contributed their blood
samples. The levels of nAbs were remarkably
increased as compared with those before vaccination
and rapidly raised to the similar levels in the early
stage of recovery. Meanwhile, the positive rates of
nAbs against SARS-CoV-2 variants were also
increased to 90.9% to 100%. Thus, we clearly demon-
strated that the vaccination with inactivated vaccine
rapidly enhanced the neutralizing activities against
the SARS-CoV-2 variants in individuals who have
recovered from COVID-19 up to one year.

Finally, we also explored the durability of neutraliz-
ing antibody response elicited by the boosted vacci-
nation in these convalescent individuals. We have
obtained serial plasma samples from five individuals
(donor 2, 11, 16, 19 and 20) at Week 2 or Week 4
and Month 3 post vaccination. As shown in Figure 1
(c) and Figure S4, the levels of nAbs were slightly
decreased with time, but dropped more obviously
against the variants including Delta, Kappa, Eta, and
Beta. These results suggested that it is very important
to monitor the levels of nAbs against the emerging
SARS-CoV-2 variants in the convalescent COVID-19
individuals.

Compared with several previous studies, the results
described here were rational and novel. Xiang et al
detected the levels of nAbs against Beta variant in con-
valescent patients one year after infection, and found
that those individuals who effectively neutralized the
WT virus displayed limited neutralizing activities
against Beta variant (diminished to 22.6%) [13]. Fur-
thermore, Li et al detected the RBD-specific antibody
responses in 1782 plasma samples from 869

convalescent donors after 12 months post infection
in Wuhan, China, and found that the levels of plasma
IgG and nAbs significantly declined with time [9].
Combined with our study, these results emphasized
the risk of reinfection with SARS-CoV-2 variants in
convalescent COVID-19 individuals recovered more
than one year. Since the different vaccines have diverse
immunogenicity, the effectiveness of all being applied
SARS-CoV-2 vaccines should be comprehensively
evaluated. Lucas et al had analyzed the immune
response to SARS-CoV-2 in the cohorts of previously
infected (recovered) or uninfected (naive) individuals
who received the mRNA vaccine. The results showed
that individuals in both groups obtained neutraliz-
ation capacity against all tested variants. Moreover,
plasma samples from previously infected individuals
exhibited better neutralizing activities than those
from uninfected donors generally. After the vacci-
nation with mRNA vaccine, the high levels of nAbs
could persist about 4–6 months, and were then
reduced over time because of the waning immunity
[14]. In addition, similar immune responses were
also observed in the population who previously
infected with SARS-CoV-2 and then received one
dose of Ad26.COV2.S vaccine or the replicating pox-
virus vector-based RBD vaccine, suggesting that the
boosted vaccination could bring a solid immune pro-
tection to the convalescent individuals. However, it
lacks the report about the antibody responses in con-
valescent individuals after the boosted vaccination
with the inactivated vaccine. Our results here demon-
strated that the vaccination with inactivated vaccine
was also effective in enhancing the levels of nAbs in
convalescent individuals, especially against the emer-
ging SARS-CoV-2 variants. Importantly, according
to a recent research report, the titers of nAbs were
positive correlation with immune efficacy against
COVID-19. The vaccinators with ID50 values of 10,
100, and 1000 owned 78%, 91%, and 96% immune
efficacy, respectively, after 4 weeks inoculated with
mRNA vaccine [15], suggesting that the convalescent
patients obtained high immune efficacy in the early
stage of recovery and post the vaccination with inacti-
vated vaccine in this study.

In conclusion, we evaluated the plasma neutraliz-
ation against various SARS-CoV-2 variants in the con-
valescent individuals who received the inactivated
vaccine. These results showed that the levels of broadly
nAbs were significantly decreased in the convalescent
individuals after one year since they recovered from
COVID-19, suggesting the high risk of reinfection of
various emerging variants. The vaccination with inac-
tivated vaccine potentially improved the plasma neu-
tralizing activities against the WT SARS-CoV-2 and
variants, which could even last for 3 months post vac-
cination. This study for the first time demonstrated
that the inactivated vaccine potentially induced the
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neutralizing activity against the emerging SARS-CoV-
2 variants in the convalescent individuals, which could
minimize the risk of breakthrough infections in future.
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