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As of this writing, the world is currently experiencing a huge
wave of infection with the Omicron variant of SARS-CoV-2. Two
SARS-CoV-2 inactivated vaccines (IAVs, CoronaVac by Sinovac
and BBIBP-CorV by Sinopharm) with a two-dose vaccination regi-
men, one recombinant protein subunit vaccine (PRV, ZF2001 by
Anhui Zhifei Longcom) with a three-dose vaccination regimen,
and one single-dose recombinant adenovirus-vectored vaccine
(AdV, Convidecia by CanSino) have been given conditional
approval for general public use or approved for emergency use
by China [1]. These four vaccines form the core of China’s vaccina-
tion program. It has been reported that Omicron extensively
escapes vaccine neutralization, and a booster shot seems to be nec-
essary [2,3]. It is urgent to discover a superior booster strategy in
China’s current vaccination program context to fight against the
Omicron variant.

Considering the wide use of vaccines in China, this study aims
to investigate what booster strategy can maximally improve neu-
tralization against the Omicron variant. The study has been
reviewed and approved by the Ethics Committee of the Institute
of Microbiology of the Chinese Academy of Sciences (APIM-
CAS2021159). Some serum specimens were from a single-center,
open-label, and randomized controlled clinical trial at Beijing Ditan
Hospital (approval No. IRB#2021-(024)-02; Trial Registration:
www.chictr.org.cn, ChiCTR2100051998). Informed consent was
obtained from all participants.

To investigate the Omicron BA.1 variant’s sensitivity to immu-
nity elicited by infection or full-course vaccination, we measured
the binding, blocking, and neutralizing activities of a series of
human sera obtained from convalescent individuals or vaccine
recipients (Table S1 online). Among convalescent individuals, there
were 3 asymptomatic, 5 mild, and 17 moderate cases. For all of the
serum specimens, the binding antibody titers were 5–15 times
lower for the Omicron than for the prototype strain (Fig. S1a
online). Notably, except for 1 specimen from an individual receiv-
ing PRV vaccinations scored as positive, all of the other specimens
lost the blocking activity against the Omicron variant, whereas
nearly all of the specimens exhibited positive blocking activity
against the prototype strain (Fig. S1b online). Pseudovirus-based
neutralization assays demonstrated that geometric means of 50%
neutralizing titers (NT50) against the Omicron variant were 20,
10, 6, and 4 folds lower than those against the prototype strain
in serum specimens from convalescent patients, IAV recipients,
AdV recipients, and PRV recipients, respectively (Fig. 1a). In addi-
tion, despite being obtained 6 months following full-course vacci-
nation, the serum samples from individuals who had received PRV
vaccinations had the highest NT50 titers against the Omicron vari-
ant, but these titers were approximately 1/5 of the titer of conva-
lescent sera against the prototype strain (Fig. 1a). In contrast, the
neutralizing activity against the Omicron variant afforded by full-
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Fig. 1. Serum neutralizing antibody titers of convalescents and vaccinated individuals and mice against SARS-CoV-2 prototype strain or Omicron BA.1 variant. (a) Samples
included sera obtained from convalescents (n = 25), 1 month after two-dose vaccination with IAV (n = 30) or a single-dose AdV (n = 30), and 6 months after three-dose
vaccination with PRV (n = 28). (b) Samples were obtained from participants without vaccine booster (n = 42), with IAV (IAV-b, n = 39), AdV (AdV-b, n = 7), or PRV (PRV-b,
n = 45) boosters following two-dose prime vaccination with IAV 4–8 months earlier. (c) Samples were obtained from participants without vaccine booster (n = 30), with IAV
(IAV-b, n = 30), AdV (AdV-b, n = 30), or PRV (PRV-b, n = 30) boosters following a single-dose prime vaccination with IAV 4–8 months earlier. IAV represents inactivated
vaccines (CoronaVac and BBIBP-CorV). PRV represents recombinant protein subunit vaccine (ZF2001). AdV represents adenovirus-vectored vaccine (Convidecia). (d) BALB/c
mouse immunization schedule. (e) Serum pseudovirus neutralization titers in mice with various RBD-encoded mRNA vaccine boosters based on SARS-CoV-2 prototype, Beta,
Delta, Beta plus Delta, and Omicron following a single prime injection. The pseudoviruses used in the study included wild-type strain and Omicron. The dotted line indicates
the limit of detection (>10). P values were analyzed with one-way analysis of variance (ns, non-significant, *P <0.05, **P <0.01, and ****P <0.0001). Experiments were repeated
at least twice, and the results from one representative experiment are presented.
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course vaccination with IAV or AdV was less than 1/20 of the activ-
ity of convalescent sera against the prototype strain (Fig. 1a), sug-
gesting a potential of neutralizing insufficiency against Omicron
1327
infection. However, it should be noted that all subjects in the IAV
group were aged >59 years with a mean age of 67.8 years, whereas
all participants in the AdV and PRV groups were aged 18–59 years
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with mean ages of 37.5 and 32.0 years, respectively (Table S1
online). As IAVs usually exhibit weaker immunogenicity in the
elderly than in young adults, neutralizing antibody levels of full-
course IAV vaccinations against WT and Omicron were likely to
be underestimated.

To explore the impact of a homologous or heterologous booster
at 4–8 months following IAV full-course vaccination on vaccine-
induced antibodies against the Omicron variant, we obtained
serum specimens from participants receiving no vaccine booster,
homologous IAV booster (IAV-b), heterologous PRV booster (PRV-
b), or AdV booster (AdV-b) (Table S1 online). Binding, blocking,
and neutralizing antibodies titers in all of the groups were mark-
edly higher against the prototype strain than against the Omicron
variant (Fig. 1b and Fig. S2 online). The booster dose with IAV, PRV,
and AdV vaccine induced 3-, 7-, and 40-fold increase in Omicron-
binding antibody titers compared with the no-booster control
(Fig. S2a online). At 4–8 months after full-course vaccination with
IAV, Omicron-blocking antibodies were close to or below the lower
limit of detection (4-fold dilution of plasma), and the blocking pos-
itive rate was only 2% (Figs. S2b and S3 online). The IAV, PRV, and
AdV vaccine boosters led to an increase in blocking positive rates
to 54%, 71%, and 57%, respectively (Figs. S2b and S3 online). For
neutralizing antibodies against the Omicron variant, the genomic
mean NT50 titers were below the lower limit of detection (10-
fold dilution of plasma) in the control group, whereas the titers
rose to 113, 207, and 709 in the IAV, PRV, and AdV booster groups,
respectively (Fig. 1b and Fig. S4 online), indicating that the heterol-
ogous vaccine booster with AdV was superior to the homologous
IAV vaccine booster in improving the neutralizing activity against
the Omicron variant.

To examine the effect of various booster vaccinations following
a single-dose prime vaccination with AdV, we conducted similar
tests with serum specimens from individuals receiving no booster,
IAV-b, PRV-b, or AdV-b at 4–8 months following the primary AdV
vaccination (Table S1 online). The Omicron-binding antibody titers
were boosted 4-, 25-, and 16-fold by the booster injection of
heterologous IAV and PRV vaccines or homologous AdV vaccine,
respectively, compared with the no-booster control (Fig. S5a
online). For Omicron-blocking antibodies, the PRV and AdV booster
groups exhibited an identical blocking positive rate (80%) that was
higher than that of the control (3%) or the IAV booster group (53%)
(Figs. S5b and S6 online). The neutralizing NT50 titers for the Omi-
cron variant in the control group and the IAV, PRV, and AdV booster
groups were 1568, 313, and 228, respectively (Fig. 1c and Fig. S7
online). Notably, a heterologous PRV booster induced the highest
degree of neutralizing immunity against both the prototype and
the Omicron strains compared with the no-booster control and
the other two boosters (Fig. 1c and Fig. S7 online).

All four of the above-mentioned vaccines have been developed
based on the prototype strain. Next, we developed various receptor
binding domain (RBD)-encoding mRNA vaccine candidates based
on the prototype, Beta, Delta, and Omicron strains as booster shots
in BALB/c mice following a single-dose prime injection with a pro-
totype S-encoding mRNA vaccine candidate, to assess the impact
on humoral immunity against the Omicron variant (Fig. 1d).
Beta-Delta represents a combination of Beta and Delta vaccine can-
didate with either half the other vaccine booster dose. The mice
receiving a prime injection developed binding and neutralizing
but no detectable blocking antibodies against the Omicron variant,
whereas all binding, neutralizing, and blocking antibodies against
the prototype were detected in those mice (Fig. 1e and Fig. S8
online). The mice immunized with all types of booster shots had
significantly elevated anti-prototype strain binding, blocking, and
neutralizing antibody titers, as well as anti-Omicron binding and
neutralizing antibody titers (Fig. 1e and Fig. S8 online). In addition,
all of the booster groups induced significantly higher anti-Beta and
1328
anti-Delta binding antibody titers compared with the no-booster
control group (Figs. S9 and S10 online). However, only mice immu-
nized with Delta and Omicron boosters developed significantly
higher anti-Omicron blocking antibody titers compared with no
booster control (Fig. 1e). Notably, the prototype, Beta, Delta,
Beta-Delta, and Omicron vaccine boosters elicited Omicron-
neutralizing NT50 titers with values of 423, 1202, 3073, 1548,
and 7710, respectively, and only those elicited by the Omicron
booster were significantly higher than those by the prototype
booster (Fig. 1e), suggesting that the Omicron-based mRNA vaccine
booster is superior to the prototype-based mRNA vaccine booster
in elevating Omicron-neutralizing immunity.

A correlation between neutralizing antibody levels and vaccine
efficacy against symptomatic COVID-19 has been observed at the
population level [4]. Our results indicate that homologous or
heterologous vaccine boosters after IAV or Ad5 prime vaccina-
tions markedly improve neutralizing antibody levels against the
Omicron variant compared to no booster control, implying higher
efficacy against symptomatic COVID-19 caused by Omicron.
Moreover, our findings suggest that recipients of primary IAV
and AdV vaccines may consider heterologous AdV and PRV vac-
cine boosters, respectively, to achieve superior efficacy against
symptomatic COVID-19 caused by Omicron. With previous vari-
ants, vaccine efficacy against severe disease and death has been
higher and has been retained longer than effectiveness against
mild disease [5,6]. Thus, the efficacy of various vaccine boosters
against severe disease and mortality is likely to be higher and
more convergent than their corresponding efficacy against symp-
tomatic disease. Although our immunogenicity study may provide
a rapid assessment of the potential protective effects of various
vaccine booster strategies against the emerging Omicron variant,
accurate vaccine efficacy needs to be determined by further clin-
ical trials.

One limitation of our study is that human serum specimens
were not collected from a rationally designed clinical trial. Such tri-
als usually set strict inclusion and exclusion criteria for partici-
pants and then randomly divide all participants into subgroups
to maximize comparability. Since the specimens in our study were
pieced together by multiple institutions, there may be a potential
bias in comparability. Another limitation of our study is that the
neutralization assays used here were conducted in the absence of
complement or Fc receptor-bearing cells, which may enable
antibody-dependent cell-mediate cytotoxicity, potentially leading
to an underestimation of protection afforded by serum specimens.
Moreover, cellular immunity elicited by booster vaccination, which
is usually more cross-reactive than humoral immunity, is not
included in this study.

Here, we showed that the Omicron variant remarkedly escaped
from neutralizing antibody response elicited by full-course vacci-
nations of approved IAV and AdV vaccines. To boost anti-
Omicron response to sufficiently high titers to provide some pro-
tection against Omicron infection, a booster shot may be necessary.
We further showed that for prime vaccinations with IAV and AdV, a
heterologous vaccine booster with AdV and PRV, respectively, gen-
erated the highest increase in Omicron-neutralizing antibody
titers. Although the sample number in AdV booster with prime
IAV vaccinations was small (n = 7), the robust increase in the
Omicron-neutralizing activity supports the heterologous AdV
booster administration. Currently, all of the approved vaccines
have been developed based on the SARS-CoV-2 prototype strain.
Using the mouse model, we demonstrated that prototype booster
significantly increased the prototype vaccine-elicited Omicron-
neutralizing activity. Moreover, it is only the Omicron-based, but
not the Beta- or Delta-based vaccine booster, that exhibited a sig-
nificantly stronger ability to improve Omicron-neutralizing
immunity.
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