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Abstract: Multiple variants of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) have
spread around the world, but the neutralizing effects of antibodies induced by the existing vaccines
have declined, which highlights the importance of developing vaccines against mutant virus strains.
In this study, nine receptor-binding domain (RBD) proteins of the SARS-CoV-2 variants (B.1.1.7,
B.1.351 and P.1 lineages) were constructed and fused with the Fc fragment of human IgG (RBD-
Fc). These RBD-Fc proteins contained single or multiple amino acid substitutions at prevalent
mutation points of spike protein, which enabled them to bind strongly to the polyclonal antibodies
specific for wild-type RBD and to the recombinant human ACE2 protein. In the BALB/c, mice were
immunized with the wild-type RBD-Fc protein first and boosted twice with the indicated mutant RBD-
Fc proteins later. All mutant RBD-Fc proteins elicited high-level IgG antibodies and cross-neutralizing
antibodies. The RBD-Fc proteins with multiple substitutions tended to induce higher antibody titers
and neutralizing-antibody titers than the single-mutant RBD-Fc proteins. Meanwhile, both wild-type
RBD-Fc protein and mutant RBD-Fc proteins induced significantly decreased neutralization capacity
to the pseudovirus of B.1.351 and P.1 lineages than to the wild-type one. These data will facilitate the
design and development of RBD-based subunit vaccines against SARS-COV-2 and its variants.

Keywords: SARS-CoV-2; variants; spike protein; receptor-binding domain; immunogenicity; neutralizing
antibodies

1. Introduction

Coronavirus Disease 2019 (COVID-19), which is caused by the severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), has rapidly disseminated across the world. As
of 12 November 2021, the cumulative number of global cases exceeded 251 million, with
5.07 million deaths, making COVID-19 the most significant global health crisis since the
1918 influenza pandemic. Although existing progress in the popularization of vaccines has
led to better control of the SARS-CoV-2 spread, many countries are experiencing a second
or third wave of viral disease outbreaks as the virus mutates.

SARS-CoV-2 is prone to genetic evolution, thus leading to multiple variants. Some
of these are classified by the World Health Organization (WHO) as variants of concern
(VOCs), because they lead to increased transmissibility or virulence, increased difficulty of
detection or reduced effectiveness of treatment or vaccines [1]. The current VOCs include
B.1.1.7, B.1.351, P.1 and B.1.617.2 lineages, which harbor single or multiple mutations in the
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receptor-binding domain (RBD) of spike (S) glycoprotein [1–6]. The neutralization efficacy
of antibodies induced by existing vaccines has declined when defending against these
VOCs [7–10]. Developing new vaccines against SARS-CoV-2 variants is urgently needed.

Similar to other coronaviruses, the S protein of SARS-CoV-2 mediates virus entry into
host cells and also serves as a target antigen inducing neutralizing antibodies production.
It has a pre-fusion homotrimer structure, and each monomer consists of S1 and S2 subunits.
After the RBD binds to the cellular receptor, and the angiotensin-converting enzyme 2
(ACE2) fixes to the host cells, the S1 subunit is naturally shed and the S2 subunit is exposed
to form a stable post-fusion conformation [11–13]. COVID-19 vaccine candidates under
development include inactivated virus vaccines, virus-like particle or nanoparticle vaccines,
live-attenuated virus vaccines, protein-based subunit vaccines, virus-vectored vaccines,
DNA vaccines and mRNA vaccines [14–17]. At present, a large number of SARS-CoV-
2 vaccine candidates are subunit vaccines [14]. In this strategy, the RBD-based vaccine
candidates have shown strong immunogenicity to elicit neutralizing antibodies production
which could block the infections of the SARS-CoV-2 pseudovirus and live virus in vitro [18].
Moreover, the molecular size and immunogenicity of recombinant RBD proteins can be
increased by fusing with an Fc fragment of human IgG [18,19]. Research focuses mainly
on the mutant RBD proteins. The S protein with single mutation of V367F, N440K, S443A,
E484R, S494P, N501Y, G502P and combinatorial mutations of S477N-E484K, E484K-N501Y
or K417T-E484K-N501Y at RBD residues displayed a high binding affinity with the receptor
ACE2, whereas the RBD proteins of A348T, V483A and K417N variants exhibited reduced
affinity to ACE2 [20–24].

In this study, nine recombinant RBD proteins containing single or multiple new
substitutions at the residues 417, 452, 484 and/or 501 of SARS-CoV-2 variants (B.1.1.7,
B.1.351 and P.1 lineages) were constructed and fused with an Fc fragment of human IgG
(RBD-Fc). The in vitro antigenicity, receptor-binding affinity and in vivo immunogenicity
to elicit neutralizing antibodies were then investigated and compared with the wild-type
RBD-Fc protein.

2. Materials and Methods
2.1. Mice and Ethical Approval

Female BALB/c mice aged between 6 and 8 weeks were purchased from the Com-
parative Medicine Center of Yangzhou University (Yangzhou, China) and maintained at
the specific pathogen-free Animal Centre of Southeast University (Nanjing, China). After
one week’s continuous assessment and acclimatization, the healthy mice (no weight loss,
good appetite, normal behavior, smooth coat, black and grain-shaped stools) were selected
for immunization experiments. The animal welfare and experimental procedures were
approved by the Animal Ethics Committee of Southeast University (ref: 20190227001). All
mouse-related experiments were performed in strict accordance with the Guidelines for the
Care and Use of Laboratory Animals (Ministry of Science and Technology of China, 2006).

2.2. Preparation of Recombinant RBD Proteins

The wild-type RBD sequence of SARS-CoV-2 (residues 331 to 524) was amplified by
PCR from a plasmid encoding the S protein of SARS-CoV-2 (GenBank accession number
QHR63250.1) and fused with an Fc fragment of human IgG at the C terminal. The resulting
recombinant plasmid (pSARS-CoV-2 RBD-Fc) was then used as the template to generate a
series of plasmids containing single or multiple substitutions such as K417N, K417T, L452R,
E484K, N501Y, K417N-E484K-N501Y, K417T-E484K-N501Y, K417N-L452R-E484K-N501Y
or K417T-L452R-E484K-N501Y by using a QuikChange Multisite-Directed Mutagenesis kit
(Agilent Technologies, Santa Clara, CA, USA). Each recombinant plasmid was routinely
transfected into 293T cells (stored in-house) and followed by cell culture. The RBD-Fc
proteins were purified from the culture supernatants by using nProtein A Sepharose 4 Fast
Flow (GE Healthcare, Piscataway, NJ, USA).
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2.3. SDS-PAGE and Western Blot

The purified proteins were separated by a 10% Tris-glycine SDS-PAGE, and then
stained directly with Coomassie brilliant blue (for SDS-PAGE staining) or transferred to
nitrocellulose membranes (BIO-RAD, Hercules, CA, USA) (for Western blot). The blots
were blocked with 5% non-fat milk in PBST (where PBST contained PBS buffer with
0.05% of Tween 20) at 4 ◦C overnight, then further incubated with the sera from the mice
immunized by wild-type RBD protein without an Fc fragment of human IgG (1:5000,
prepared previously in-house) at 37 ◦C for 2 h, and followed by another 2 h incubation
with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:10,000, Abcam,
Waltham, MA, USA). The signals were developed by ECL substrate reagents (BIO-RAD)
and BIOMAX MR Film (Carestream, Rochester, NY, USA).

2.4. Mouse Immunization and Sample Collection

The wild-type RBD-Fc protein of SARS-CoV-2 (5 µg/mouse) was mixed with adjuvants
aluminum (500 µg/mouse) and monophosphoryl lipid A (MPL, 10 µg/mouse) (InvivoGen,
San Diego, CA, USA), and administered into BALB/c mice intramuscularly (i.m.), then
the mice were i.m. boosted twice with wild-type RBD-Fc or the indicated mutant RBD-Fc
protein (5 µg/mouse) together with aluminum (500 µg/mouse) and MPL (10 µg/mouse) at
3 weeks and 6 weeks after the first vaccination. Mice injected with the PBS plus adjuvants
were used as a negative control. Facial vein blood or submandibular blood samples were
collected for sera preparation 7 days after the final immunization. In total, 11 groups were
designed with 10 mice for each group. Of these immunized mice, 5 mice from each group
were used to collect sera for IgG antibody titers detection, while the other 5 mice were used
to harvest sera for cross-neutralizing antibody titers detection.

2.5. ELISA

This assay was used to detect the IgG antibodies specific for the RBD protein of wild-
type SARS-CoV-2 in the sera of immunized mice. Briefly, the ELISA plates were coated
with the wild-type RBD protein without an Fc fragment of human IgG (1 µg/mL) at 4 ◦C
overnight and blocked with 2% non-fat milk in PBST for 2 h at 37 ◦C. After washing with
PBST three times, the plates were incubated with serially diluted mouse sera for 2 h at
37 ◦C and followed by incubation with HRP-conjugated goat anti-mouse IgG (1:5000), IgG1
(1:5000) or IgG2a (1:5000, Abcam) antibodies at 37 ◦C for 1 h. After further washing, the
plates were then incubated with a 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (Sigma,
Darmstadt, Germany), and the reaction was stopped using 1 N H2SO4. The absorbance at
450 nm (A450) was measured using an ELISA plate reader (Tecan, Männedorf, Switzerland).
The A450 value in the experimental well containing sera (A450Exp) was subtracted at the
A450 value in the negative control well without sera (A450Neg). Then, the calibrated
A450Exp value and sera dilution times in each experimental well were used to generate the
standard curve using GraphPad Prism 9. The A450Exp/A450Neg ≥ 4 was defined as the
cut-off line of positive binding between the antibody and antigen. The highest dilution
time of sera while the A450Exp/A450Neg ≥ 4 was calculated and determined was the RBD
protein-specific antibody titer in the immunized mouse.

Similarly, the binding of RBD-Fc proteins with human ACE2 (hACE2) protein was also
detected by using an ELISA protocol. Briefly, the ELISA plates were coated with wild-type
RBD-Fc protein or each kind of mutant RBD-Fc proteins (2 µg/mL) first and incubated with
hACE2 protein (20 or 5 µg/mL, Abcam) later. Then, the reactions were detected using goat
anti-hACE2 IgG (0.2 µg/mL, R&D system, Minneapolis, MN, USA) and HRP-conjugated
chicken anti-goat IgG antibody (1:5000, Abcam).

2.6. Generation of Wild-Type and Mutant SARS-CoV-2 Pseudoviruses and
Neutralization Experiment

SARS-CoV-2 pseudoviruses were generated by co-transfecting 293T cells with the
lentiviral vector plasmids named pLenti-CMV-Luciferase and PS-PAX2 (stored in our
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laboratory), as well as the plasmid encoding the wild-type S protein or mutant S proteins
(K417N-E484K-N501Y or K417T-E484K-N501Y) of SARS-CoV-2 (generated in-house), using
the calcium phosphate method. The culture medium was replaced with fresh Dulbecco’s
Modified Eagle Medium (DMEM) 6 h later. The supernatants containing the indicated
pseudovirus were collected 72 h after transfection, and used for single-cycle infection.
For pseudovirus neutralization experiments, the SARS-CoV-2 pseudoviruses expressing
wild-type or each mutant S protein were incubated for 2 h at 37 ◦C with the heat-inactivated
and serially diluted sera of immunized mice and then co-cultured with the 293T-hACE2
cells (from BEI Resources as item NR-52511; https://www.beiresources.org/, accessed on
28 July 2021) that express human ACE2; validated as a consistent and effective cell line
for SARS-CoV-2 pseudovirus neutralization assays [25,26]. After 72 h co-cultures, the cell
lystes were prepared using cell lysis buffer (Promega, Madison, USA) and incubated with
luciferase substrate (Promega). The relative luciferase activity was measured by using the
Infinite 200 PRO Luminometer (Tecan). Viral infectivity was assessed by comparing the
relative luciferase activities between the virus well alone and the wells of the virus along
with the sera of the immunized mice. The inhibitory activity of sera from the vaccinated
mouse to the blocking pseudovirus infection was determined by comparing the average
luciferase activity between the virus well with the sera of RBD-Fc vaccinated mice and
the virus well with the sera of PBS-injected mice. Then, the neutralizing antibody titer in
each immunized mouse was defined as the highest sera dilution times by which the viral
infectivity was neutralized by 50% (NT50). NT50 values were calculated using non-linear
regression in GraphPad Prism.

2.7. Statistical Analysis

Statistical significance was calculated across groups by Two-way ANOVA and mul-
tiple comparisons using GraphPad Prism 9 (GraphPad, La Jolla, CA, USA). p < 0.05 was
considered as significant. Asterisks (* and **) in the figures denote p values less than 0.05
and 0.01, respectively.

3. Results
3.1. Characterization of Recombinant Mutant RBD-Fc Proteins of SARS-CoV-2

Nine recombinant RBD-Fc plasmids containing single or multiple mutations of K417N,
K417T, L452R, E484K, N501Y, K417N-E484K-N501Y, K417T-E484K-N501Y, K417N-L452R-
E484K-N501Y or K417T-L452R-E484K-N501Y in the RBD of SARS-CoV-2 variants (B.1.1.7,
B.1.351 and P.1 lineages) were structured, identified by gene sequencing and expressed in
293T cells. The SDS-PAGE showed that all the mutant RBD-Fc proteins collected from the
culture supernatants of 293T cells possessed a molecule size similar to the 57kDa of wild-
type RBD-Fc protein, and with high purity (Figure 1A). The Western blot assay indicated
that all the mutant RBD-Fc proteins reacted strongly with the RBD-specific polyclonal
antibodies in the sera of mice vaccinated by wild-type RBD protein without an Fc fragment
of human IgG (Figure 1B). The uncropped blots were shown in Figure S1. These results
suggested the good antigenicity of mutant RBD-Fc proteins similar to wild-type RBD-Fc
protein in vitro.

https://www.beiresources.org/
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Figure 1. Characterization of recombinant mutant RBD-Fc proteins of SARS-CoV-2. Nine mutant
RBD-Fc proteins and wild-type RBD-Fc protein were expressed in 239T cells and purified from the
cell culture supernatants. Each protein was then subjected to SDS-PAGE for Coomassie brilliant blue
staining (A) and for Western blot (B) with the sera of mice immunized by wild-type RBD protein
without the Fc fragment of human IgG. WT: wild-type RBD-Fc protein.

3.2. Binding Affinity of Mutant SARS-CoV-2 RBD-Fc Proteins with hACE2

To evaluate the binding affinity of recombinant mutant RBD-Fc proteins with hACE2,
the cellular binding receptor onto host cells of SARS-CoV-2, an ELISA test was performed.
Each mutant RBD-Fc protein displayed a strong binding affinity to the soluble hACE2
protein at the concentrations of 20 µg/mL (Figure 2A) or 5 µg/mL (Figure 2B), but K417N,
K417T, L452R, E484K and K417N-E484K-N501Y mutant proteins showed a significantly
lower affinity with hACE2 than the wild-type RBD-Fc protein (Figure 2B). These data
suggested that, although the nine mutant RBD-Fc proteins maintained good functionality
in binding to the SARS-CoV-2 receptor, the substitutions of K417N, K417T, L452R or E484K
of RBD may decrease the affinity between ligand and receptor in vivo.
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Figure 2. Binding affinity of mutant SARS-CoV-2 RBD-Fc proteins with hACE2. Wild-type RBD-Fc
protein and each mutant RBD-Fc protein were coated in 96-well plate respectively, and then reacted
with recombinant hACE2 protein in ELISA. (A) Binding of each RBD-Fc protein with 20 µg/mL
of hACE2 protein; (B) binding of each RBD-Fc Protein with 5 µg/mL of hACE2 protein. The data
of A450 in each group were presented as mean ± standard deviation (SD) of four replicate wells.
* (p < 0.05) and ** (p < 0.01) mean significant differences between the mutant RBD-Fc protein and
wild-type RBD-Fc protein. WT: wild-type RBD-Fc protein; PBS: PBS solution without RBD protein.

3.3. Mutant RBD-Fc Proteins of SARS-CoV-2 Elicited Robust Antibody Responses in Mice

To investigate the in vivo immunogenicity of mutant RBD-Fc proteins, BALB/c mice
were immunized with wild-type RBD-Fc protein first and boosted twice with the indicated
mutant RBD-Fc proteins later. Then, the mice sera were collected 7 days after the final
vaccination and followed by the detection of RBD-specific IgG, IgG1 and IgG2a antibodies
by ELISA. As shown in Figure 3A, all groups immunized by wild-type RBD-Fc protein
or boosted by mutant RBD-Fc proteins displayed high-titer IgG antibodies binding to the
wild-type RBD protein without an Fc fragment of human IgG. As compared with the mice
immunized three times by wild-type RBD-Fc protein, the mice boosted twice with K417T,
L452R or E484K mutant RBD-Fc proteins showed significantly lower IgG antibody titers
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(p < 0.01), while the mice boosted twice with K417T-E484K-N501Y or K417N-L452R-E484K-
N501Y mutant RBD-Fc proteins exhibited considerably higher IgG antibody titers (p < 0.01).
In parallel, only a background level of IgG antibodies bound to the wild-type RBD protein
in the controlled mice was injected with PBS plus adjuvants. Furthermore, the levels of IgG1
antibodies binding to the wild-type RBD protein without an Fc fragment (Figure 3B) were
much higher than IgG2a levels (Figure 3C) in each vaccination group, implying the Th2 type
immune response was elicited by the RBD-Fc proteins. Similarly, partial RBD-Fc proteins
containing single mutant reside elicited lower IgG1 or IgG2 antibodies titers, while partial
ones containing multiple mutant resides elicited higher IgG1 or IgG2a antibodies titers,
when compared to the wild-type RBD-Fc protein immunizations. These data demonstrated
the strong immunogenicity of these mutant RBD-Fc proteins by inducing robust humoral
immune responses in mice.

In the process of the experiment, the mice were monitored twice a week for feces
and urine, reluctance to move, anorexia, dehydration, 10% weight loss, fur ruffling, skin
condition, lesions, abscess and normal behavior patterns. No adverse reactions were found
in the immunized mice and there was no mortality during the process. However, no mouse
organ was collected for the hematoxylin–eosin staining in this study.

3.4. Mutant RBD-Fc Proteins of SARS-CoV-2 Induced High-Level Cross-Neutralizing Antibodies
Production in Mice

To verify whether mutant RBD-Fc proteins induced highly effective neutralizing
antibody production in vivo, the pseudovirus neutralization experiments were carried
out. The sera from each immunized mouse were co-incubated with the SARS-CoV-2
pseudoviruses which express the S protein of wild-type virus or variant strains (K417N-
E484K-N501Y or K417T-E484K-N501Y) followed by co-cultures with the 293T-hACE2 cells.
72 h later, the cell lyste was prepared and the pseudovirus was detected by measuring the
relative luciferase activity. The neutralizing antibody titers needed to neutralize 50% of
viral infectivity (NT50) were calculated using non-linear regression in GraphPad Prism.

As shown in Figure 4, both wild-type and the mutant RBD-Fc proteins induced ob-
vious production of neutralizing antibodies against SARS2-CoV-2 pseudovirus, which
express the wild-type S protein (Figure 4A), the S protein with mutations of K417N-
E484K-N501Y (B.1.351 lineage) (Figure 4B) or the S protein with mutants of K417T-E484K-
N501Y (P.1 lineage) (Figure 4C), with the levels of neutralizing antibodies (NT50) of
1929.95 ± 569.20, 817.51 ± 191.99 and 463.92 ± 164.27, respectively. Noticeably, the neutral-
izing effects were much stronger in the wild-type SARS2-CoV-2 pseudovirus than in the
pseudoviruses of the two variants. Meanwhile, as compared with the wild-type RBD-Fc
protein, the mutant RBD-Fc proteins containing single amino acid substitution (K417N,
K417T, L452R and E484K) elicited significantly lower-level neutralizing antibodies, while
the RBD-Fc protein with multiple amino acid mutations (K417N-L452R-E484K-N501Y)
elicited higher-level neutralizing antibodies, which defended against the wild-type pseu-
dovirus and mutant pseudovirus. These data indicate that the new mutant RBD-Fc proteins
of SARS-CoV-2 could induce the production of antibodies that cross-neutralize the wild-
type virus and the two variants in the mice model, but both the wild-type RBD-Fc protein
and the mutant RBD-Fc proteins elicited lower-level neutralizing antibodies against the
two variants than against the wild-type virus.
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Figure 3. Mutant RBD-Fc proteins of SARS-CoV-2 elicited robust antibody responses in mice. BALB/c
mice were immunized with wild-type RBD-Fc protein first and then boosted twice with the indicated
mutant RBD-Fc proteins later. Seven days after the final vaccination, the mice sera were collected and
subjected to a series of dilutions, followed by the detection of antibodies binding to the wild-type RBD
protein without the Fc fragment of human IgG in ELISA. The A450 value in the experimental well
containing sera (A450Exp) was subtracted at the A450 value in the negative control well without sera
(A450Neg). Then, the calibrated A450Exp value and dilution times of the sera in each experimental
well were used to generate the standard curve using GraphPad Prism 9. The highest dilution time of
sera while the A450Exp/A450Neg ≥ 4 was calculated and determined was the RBD protein-specific
antibody titer in the immunized mice. (A) RBD-specific IgG antibody titers in each immunized
mouse; (B) RBD-specific IgG1 antibody titers in each immunized mouse; (C) RBD-specific IgG2a
antibody titers in each immunized mouse. The antibody titers were expressed as mean ± SD of five
mice in each group. * (p < 0.05) and ** (p < 0.01) mean significant differences between the mutant
RBD-Fc protein booster group and wild-type RBD-Fc protein vaccination group. WT: the mice group
immunized three times with wild-type RBD-Fc protein; PBS: negative control group injected with
PBS plus adjuvants.
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Figure 4. Mutant RBD-Fc proteins of SARS-CoV-2 induced the production of high-level cross-
neutralizing antibodies in mice. Mice sera were collected from each immunized BALB/c mice
at 7 days after final vaccination, subjected to a series of dilutions, and used in the neutralization
experiments of SARS-CoV-2 pseudoviruses. The neutralizing antibody titer in each immunized
group was defined as the sera dilution times by which the viral infectivity was neutralized by 50%
(NT50). Each dot represented the NT50 value of each individual mouse, and the data were presented
as mean ± SD for five mice in each group. (A) Neutralizing antibody titers against the SARS-
CoV-2 pseudoviruses expressing wild-type S protein; (B) neutralizing antibody titers against the
SARS-CoV-2 pseudoviruses expressing mutant S protein of K417N-E484K-N501Y (B.1.351 lineage);
(C) neutralizing antibody titers against the SARS-CoV-2 pseudoviruses expressing mutant S protein
of K417T-E484K-N501Y (P.1 lineage). ** (p < 0.01) means significant differences between the mutant
RBD-Fc protein booster group and wild-type RBD-Fc protein vaccination group. WT: the mice group
immunized three times with wild-type RBD-Fc protein; PBS: negative control group injected with
PBS plus adjuvants.
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4. Discussion

Developing safe and highly effective vaccines to prevent persistent human infection
of SARS-CoV-2 and its variants has become the most important priority. Recombinant
protein-based subunit vaccines are considered to have good safety [14]. An RBD fragment
containing residues 331–524 of S protein has been demonstrated as a critical neutralizing
domain capable of inducing high-level neutralizing antibodies against the SARS-CoV-2
infection and thus serves as an important target for the development of subunit vac-
cines [14,18,19]. Particularly, an RBD vaccine, a shorter fragment than the full-length S
protein, is expected to effectively induce neutralizing antibody production and minimize
the potential for producing non-neutralizing antibodies.

Unlike previous research on RBD mutations [20–24], this study investigated the nine
RBD-Fc proteins with new mutants (K417N, K417T, L452R, E484K, N501Y, K417N-E484K-
N501Y, K417T-E484K-N501Y, K417N-L452R-E484K-N501Y or K417T-L452R-E484K-N501Y)
from the SARS-CoV-2 variants of B.1.1.7, B.1.351 and P.1 lineages, and compared them
with the RBD-Fc protein containing the sequence of prototypic SARS-CoV-2 strain. All the
mutant RBD-Fc proteins demonstrated strong reactions with the wild-type RBD-specific
polyclonal antibodies and a high binding affinity with the hACE2 protein. As compared
with the wild-type RBD-Fc protein, the mutant RBD-Fc with mutations of K417N, K417T,
L452R and E484K showed a reduced binding affinity with the hACE2 protein, which
is partially consistent with the previous reports such as the A348T, V483A and K417N
variants [21,24].

To date, many studies have confirmed that the neutralizing antibodies induced by
existing vaccines, or vaccine candidates, and the neutralizing antibodies in the early
convalescent patients with COVID-19, displayed reduced cross-neutralizing effects on
the SARS-CoV-2 variants to different extents [7–10,27–30]. For example, the human sera
induced by the BNT162b2 and mRNA-1273 vaccines displayed cross-neutralizing to a
B.1.351 lineage reduced by 6.5–8.6-fold for the pseudovirus and 10.3–12.4-fold for the live
virus [8]. Human sera elicited by the BNT162b2 vaccine has shown a neutralizing capacity
to the B.1.1.7 lineage similar to the wild-type strain, but a significantly lower neutralization
capacity to the P.1 variant (mean NT50 value 3.3-fold lower) [9]. In addition, a lentiviral
pseudovirus test, which was conducted by using the 293T-hACE2 cells and a relatively
homogeneous group of hospitalized convalescent sera from severe COVID-19, has reported
an average 4.8-fold reduction in cross-neutralization to the B.1.351 lineage [29]. The
convalescent sera from patients infected with the wild-type virus have poor neutralizing
effects on the B.1.1.7 and P.1 lineages when compared to the 20A.EU1 strain (mean NT50
value 1.6- and 6.7-fold lower, respectively) [9]. These reports suggest the importance of
developing effective vaccines against the SARS-CoV-2 variants.

In this study, all the mutant RBD-Fc proteins maintained a strong in vivo immuno-
genicity in eliciting robust humoral immune responses and cross-neutralizing antibodies
that inhibited the infections of the SARS-CoV-2 pseudovirus expressing wild-type or
mutant S proteins. However, consistent with the previous studies [9,29], both the wild-
type RBD-Fc protein immunization and the mutant RBD-Fc proteins boosters induced
lower-level neutralizing antibodies against the pseudovirus of B.1.351 and P.1 lineages
than against the wild-type one (mean NT50 value 2.36 and 4.16-fold lower, respectively).
Whether the three-time immunizations of mutant RBD-Fc proteins can elicit compara-
ble levels for neutralizing antibodies against the mutant virus and the wild-type virus
remains to be further investigated. To determine whether the boosters with the mutant
RBD vaccines—after the vaccination with the existing wild-type vaccine—can elicit the
production of antibodies specific for the SARS-CoV-2 variants, mice were immunized with
the wild-type RBD-Fc protein first and boosted twice with the indicated mutant RBD-Fc
protein later. This vaccination regimen, to some extent, can simulate the booster immuniza-
tion using mutant RBD vaccines for the population previously injected with the vaccines
against the prototypic SARS-CoV-2 strain.
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Of note is that the mutant RBD-Fc proteins containing a single substitution (K417N,
K417T, L452R and E484K) displayed reduced immunogenicity while the protein with
multiple substitutions (K417N-L452R-E484K-N501Y) showed increased immunogenicity in
eliciting cross-neutralizing antibody production, as compared with the wild-type RBD-Fc
protein. Further molecule docking and dynamic simulation assays are needed for the
design of RBD-based vaccines against SARS-CoV-2 variants.

In addition, two limitations in this study must be mentioned. The specific cellular im-
munity was not evaluated after the RBD-Fc proteins vaccination. For the protective effects
of the vaccine candidates, more reliable results can be obtained from the neutralization
experiment using the live virus in vitro and the virus challenge experiments in immunized
mice. In our future work, more mutant RBD proteins will be designed according to the cur-
rent SARS-CoV-2 variants. Glycosylation modification for all the mutant RBD proteins will
be performed to enhance their immunogenicity in eliciting cross-neutralizing antibodies
and specific T cell responses. After that, virus challenge experiments in mice will be carried
out to identify the in vivo protective efficacy of these modified mutant RBD-Fc proteins.

5. Conclusions

Here, nine RBD proteins of SARS-CoV-2 variants were constructed and fused with the
Fc fragment of human IgG. These RBD-Fc proteins contained single or multiple amino acid
substitutions that were recognized by the polyclonal antibodies specific for the wild-type
RBD and could bind strongly to the recombinant hACE2 protein. In mice immunized with
the wild-type RBD-Fc protein first and boosted twice with the mutant RBD-Fc protein later,
all the mutant RBD-Fc proteins elicited high-level IgG antibodies and cross-neutralizing
antibodies. The RBD-Fc proteins with multiple substitutions tended to induce higher
antibody titers—and neutralizing antibody titers—than the single-mutant RBD-Fc proteins.
Meanwhile, both wild-type RBD-Fc protein and mutant RBD-Fc proteins produced a sig-
nificantly decreased neutralization capacity to the pseudovirus of B.1.351 and P.1 lineages
than against6 the pseudovirus expressing the wild-type S protein. These findings will aid
in the development of RBD-based subunit vaccines against SARS-CoV-2 and its variants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vaccines9121383/s1, Figure S1: The binding of recombinant mutant RBD-Fc proteins of SARS-
CoV-2 with the sera of mice immunized by wild-type RBD protein in Western blot (uncropped blots).
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Abbreviations

COVID-19 Coronavirus Disease 2019
SARS-CoV-2 Severe acute respiratory syndrome coronavirus-2
VOCs Variants of concern
RBD Receptor-binding domain
hACE2 Human angiotensin-converting enzyme 2
HRP Horseradish peroxidase
MPL Monophosphoryl lipid A
DMEM Dulbecco’s Modified Eagle Medium
NT50 Neutralizing antibody titer needed to neutralize 50% of viral infectivity.
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