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1 | INTRODUCTION disease 2019 (COVID-19), including more than 6.25 million deaths,
reported to WHO.! The development of vaccines is urgently needed

The pandemic of severe acute respiratory syndrome coronavirus 2 for the prevention and control of COVID-19, and different candidates

(SARS-CoV-2) has rapidly spread worldwide, as of 10th May 2022, have been developed since 2020.27> As of 7th May 2022, more than

there have been more than 515 million confirmed cases of coronavirus 11 billion vaccine doses had been administered globally, which reduced
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the morbidity and mortality of COVID-19 efficiently. All of these first-
generation vaccines were developed based on the full-length spike
glycoprotein or the SARS-CoV-2 receptor-binding domain (RBD)
derived from the wild-type SARS-COV-2 strain.®

As SARS-CoV-2 faces multiple evolutionary forces, several new
SARS-CoV-2 variants emerged worldwide and are increasingly
dominating the pandemic recently, raising concerns that they may
partially evade neutralizing antibodies and pose a threat to the
efficacy of current COVID-19 vaccines.” Since the genome of
SARS-CoV-2 is under the mutational U-pressure, radical amino acid
substitutions caused by missense C to U transitions are expected.®
Actually, it has been observed that therapeutic monoclonal
antibodies and neutralizing antibodies induced by natural infection
by the wild type SARS-CoV-2 or its variants or immunization
became less effective against several SARS-CoV-2 variants,” 11
which resulting in vast vaccine breakthrough infections.'? The rapid
spread of the SARS-CoV-2 Omicron variants suggests that the virus
might become globally dominant. Notably, Omicron variants with a
large number of spike mutations have occurred globally and
become dominant, these present a serious threat to many existing
COVID-19 vaccines and therapies.*>'* Given the current chal-
lenges presented by SARS-CoV-2 variants, the development of
next-generation SARS-CoV-2 vaccines against wild type and
mutant variants is in high demand. Since a great part of the global
population has already been infected or vaccinated with wild-type
SARS-CoV-2, an important question is what antigen should be
selected as the potential immunogen of booster vaccination to
induce robust and broad neutralizing antibody responses against
the evolving SARS-CoV-2 virus. In this study, we explored the
humoral immune response to authentic circulating SARS-CoV-2
variants elicited by booster vaccination with distinct RBD subunits
in mice, hoping to provide important information for the selection

of a new generation of immunogens of SARS-CoV-2.

2 | METHODS

2.1 | Animals

Six-week-old female BALB/c mice were purchased from Shanghai
Silaike Laboratory Animal Co. Ltd. and were used for all experiments.
Those animals were maintained in individually ventilated cages and
immediately euthanized by CO, asphyxiation after all the experi-

ments had been completed.

2.2 | Protein expression and purification

The COVID-19 virus RBD recombinant protein was expressed in
human HEK293F cells as a soluble protein. The soluble COVID-19
virus RBD were purified by HisTrap HP column (GE Healthcare)
and were further purified by size-exclusion chromatography with
a Superdex 200 column (GE Healthcare) in 20mM Tris, pH 8.0,

150 mM NaCl and then analyzed by reducing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

2.3 | Immunizations

The immunization regimen is shown in supporting information.
Six-week-old female BALB/c mice were immunized intramuscularly
twice on Day 0 and Day 28, with two doses of 10 ug RBD protein of
wild-type SARS-CoV-2 with aluminum salts adjuvant (ThermoFisher).
Sera were collected at Day 14 after immunization. Eight weeks after
the second immunization, mice were immunized by a booster with
10 ug of each RBD in aluminum salts adjuvant, respectively. Sera
were collected at Day 28 after the final immunization and used for

the ELISA and neutralization assays.

2.4 | Serum-neutralization assay

10* Vero cells were seeded 24 h before the infection in a 24-well plate
(Costar). On the day of infection, the cells were washed twice with a cell
culture medium. Sera from mice were incubated at 56°C for 30 min, and
then diluted first 10-fold by the cell culture medium (Dulbecco's
modified eagle medium), and then twofold (several times). Aliquots
(40 pl) of diluted sera (from 20- to 5120-fold dilutions) were added to
50 ul of cell culture medium containing 100 plaque-forming units (PFU)
of wild type or each variant SARS-CoV-2 virus strain (isolated from
Guangdong Provincial Center for Disease Control and Prevention) on a
96-well plate and incubated at 37°C for 2 h in CO, 5% v/v. The mixture
was added to a monolayer of Vero cells in a 24-well plate and incubated
for 1h at 37°C. The mixture was removed, 0.5 ml of 1.0% (w/v) LMP
agarose (Promega) in 2 x DMEM supplied with 4% (v/v) FBS was added
onto the infected cells. After further incubation at 37°C supplied with
5% CO, for 2 days, the wells were stained with 1% (w/v) crystal violet
dissolved in 4% (v/v) formaldehyde to visualize the plaques. The highest
dilution of serum that showed complete inhibition activity of SARS-
CoV-2 was estimated as the NT titer. NT assays were performed in
triplicate with negative control sera. All experiments were performed in

a Biosafety Level 3 facility. This experiment was repeated three times.

3 | RESULTS

The wild type SARS-CoV-2, two currently circulating variants of concern
(Delta and Omicron BA.1), three previously circulating variants of
concern (Alpha, Beta, Gamma) and one previously circulating variant of
interest (Kappa) virus strains are included in this study (Supporting
Information: Figure S1). The wild type, Alpha, Beta, Gamma, Delta,
Kappa, and Omicron BA.1 RBD monomers were expressed, purified,
and analyzed by SDS-PAGE (Supporting Information: Figure S2). To
address the question of what antigen should be selected as the potential
immunogen of booster vaccination to induce better neutralizing

antibody responses, we immunized 35 BALB/c mice with two doses
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of soluble wild type (Wu-Hu-1) RBD of the spike protein (10 pg) with
aluminum salts adjuvant (ThermoFisher), with a 4-week interval
between doses, mimicking an immunization schedule for approved
SARS-CoV-2 vaccines (Supporting Information: Figure S3). Fourteen
days after the second immunization with the wild type RBD, binding
antibodies in all mice were detectable against all the tested virus strains
including the wild type, Alpha, Beta, Gamma, Delta, and Omicron BA.1,
although the binding antibody titer against Omicron BA.1 was
significantly reduced compared to the titer against wild type RBD
(Supporting Information: Figure S4A and Table S1). All the serum
samples efficiently neutralized wild type, Alpha, Beta, Gamma, and Delta
SARS-CoV-2 virus strains with differentiable neutralization titers.
However, 19 of 35 serum samples failed to neutralize Omicron BA.1
(Supporting Information: Figure S4B and Table S2). The ratio of antibody
titer against Alpha, Beta, Gamma, Delta, and Omicron BA.1 to antibody
titer against wild-type strains was 0.97, 0.48, 0.64, 0.74, and 0.10,
respectively. Of note, antibody titers against Omicron BA.1 virus strain
induced by two doses of immunization were extremely reduced.
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Eight weeks after the second immunization with the wild type
RBD, mice were divided into seven groups and boosted with 10 ug of
wild type, Alpha, Beta, Gamma, Delta, Kappa, and Omicron BA.1 RBD
in aluminum salts adjuvant, respectively (Supporting Information:
Figure S3). Both binding and neutralizing antibody titers against all
tested virus strains were substantially boosted by the third
immunization as compared to the antibody titers after the second
immunization (Supporting Information: Figures S4C,D). Notably, the
third-dose boosting vaccination increased the binding antibody titer
3.62-fold and the neutralizing antibody titer 6.04-fold compared to
the corresponding antibody titers after the second immunization
against the Omicron BA.1 virus strain. Interestingly, all the sera after
the third vaccination showed positive neutralization activity against
Omicron BA.1 virus strains. The third-dose booster vaccination by
each of the variants (wild type, Alpha, Beta, Gamma, Delta, Kappa, or
Omicron BA.1) induced broad binding and neutralizing antibodies
against the corresponding virus strains (Figures 1 and 2, Supporting
Information: Tables S3 and S5). Of note, a third-dose booster
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FIGURE 1 Binding antibody titer induced by the third-dose booster vaccination with each receptor-binding domain (RBD) variant against the
RBD proteins of wild-type severe acute respiratory syndrome coronavirus 2 and its variants. Binding antibody titer of the sera after the third-
dose booster vaccination with wild type, Alpha, Beta, Gamma, Delta, Kappa, or Omicron against the RBD of (A) wild type, (B) Alpha, (C) Beta,
(D) Gamma, (E) Delta, or (F) Omicron. The ratio of antibody titer against each variant to antibody titer against wild-type strains is shown, black
bars indicate mean values. Statistical analysis was performed using the paired t-test.
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FIGURE 2 Neutralization antibody titer and overall mean binding and neutralizing antibody titer induced by the third-dose booster

vaccination with each receptor-binding domain (RBD) variant against the authentic wild-type Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and its variants. Neutralization antibody titer of the sera after the third-dose booster vaccination with wild type, Alpha, Beta,
Gamma, Delta, Kappa, or Omicron against (A) the wild type, (B) Alpha, (C) Beta, (D) Gamma, (E) Delta, and (F) Omicron SARS-CoV-2 virus strain.
(G) Overall mean binding and (H) neutralizing antibodies titer induced by booster vaccination with each RBD variant against various SARS-CoV-2
virus strains. The ratio of antibody titer against each variant to antibody titer against wild-type strains was shown, the black bars indicate mean
values. Statistical analysis was performed using the paired t-test.
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vaccination with the RBD of Omicron BA.1 increased the neutralizing
antibody titer against Omicron BA.1 virus strains significantly and
showed comparable neutralization antibody titer against wild type
and other variants. This result suggests that the RBD protein of
Omicron BA.1 has good immunogenicity and can induce a broad-
spectrum humoral immune response while being used as a booster
immunogen. We finally compared the overall binding and neutralizing
antibody titers induced by booster vaccination with each RBD
variant. Booster immunization with each antigen-induced comparable
overall binding antibody titers with a small difference between each
other. The ratio of mean binding antibody titer induced by the
immunization of Alpha, Beta, Gamma, Delta, Kappa or Omicron BA.1
to antibody titer against wild type strains was 0.94, 1.06, 1.08, 1.14,
1.02, and 0.97, respectively (Supporting Information: Figure 2G and
Table S4). The third-dose booster immunizations with each RBD
showed similar overall neutralizing antibody titers against all the
tested virus strains. The ratio of mean neutralizing antibody titer
induced by the immunization of Alpha, Beta, Gamma, Delta, Kappa, or
Omicron BA.1 to antibody titer against wild type strains was 1.05,
1.10, 1.27,1.27, 1.05, and 1.00, respectively (Supporting Information:
Figure 2H and Table S6). Amino acid sequences of the spike proteins
of wild type and variants of SARS-CoV-2 virus strains in the
neutralization assays of this study were further confirmed finally,
the virus strains were not mutated again (Supporting Information:
Table S7).

4 | DISCUSSION

Although substantial numbers of people in the world have been
vaccinated or infected with SARS-CoV-2, reduced efficacy of sera
from convalescent and the double vaccinated people against some
of the SARS-CoV-2 variants has been observed.'® The choice of an
efficient booster is a remarkable scientific issue. This study
indicates that the third-dose booster immunization can significantly
increase the binding and the neutralizing antibody titers specific to
SARS-CoV-2, indicating the importance and necessity of the
booster (actually, third) vaccination. In addition, this study used
different RBD variants as the third-dose booster immunogen and
compared the humoral immune response induced by each antigen,
and surprisingly found that the binding and neutralizing antibody
titers in each group were similar. This result indicated that the wild
type and variants all revealed good cross-immunogenicity and
might be used as booster immunogens to induce broadly
neutralizing antibodies. Encouragingly, mice booster immunized
with the RBD of Omicron induced a strong level of neutralizing
antibody against authentic Omicron virus strain and a moderate
level of neutralizing antibody against other tested SARS-CoV-2
viruses, indicating that the antigens from Omicron can be used as a
potential booster immunogen to prevent the global pandemic
caused by this virus strain. There are some limitations in this study.

We did not compare the differences in T cell responses induced by
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each booster immunogen. The results of this study were carried out
in a limited number of mice. To be transformed into new practical
approaches, these results should be further confirmed in clinical
trials in human participants. Meanwhile, this study did not elucidate
the mechanism of the differences in the humoral immune response
induced by various immunogens. Nonetheless, our results can
provide valuable information for the selection of COVID-19

booster immunogens.
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