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ABSTRACT SARS-CoV-2 has mutated frequently since its first emergence in 2019.
Numerous variants, including the currently emerging Omicron variant, have demon-
strated high transmissibility or increased disease severity, posing serious threats to
global public health. This study describes the identification of an immunodominant
non-neutralizing epitope on SARS-CoV-2 receptor-binding domain (RBD). A subunit
vaccine against this mutant RBD, constructed by masking this epitope with a glycan
probe, did not significantly affect RBD’s receptor-binding affinity or antibody-binding
affinity, or its ability to induce antibody production. However, this vaccine enhanced
the neutralizing activity of this RBD and its protective efficacy in immunized mice.
Specifically, this vaccine elicited significantly higher-titer neutralizing antibodies than
the prototypic RBD protein against Alpha (B.1.1.7 lineage), Beta (B.1.351 lineage),
Gamma (P.1 lineage), and Epsilon (B.1.427 or B.1.429 lineage) variant pseudoviruses
containing single or combined mutations in the spike (S) protein, albeit the neutral-
izing antibody titers against some variants were slightly lower than against original
SARS-CoV-2. This vaccine also significantly improved the neutralizing activity of the
prototypic RBD against pseudotyped and authentic Delta (B.1.617.2 lineage) and
Omicron (B.1.1.529 lineage) variants, although the neutralizing antibody titers were
lower than against original SARS-CoV-2. In contrast to the prototypic RBD, the mu-
tant RBD completely protected human ACE2 (hACE2)-transgenic mice from lethal
challenge with a prototype SARS-CoV-2 strain and a Delta variant without weight
loss. Overall, these findings indicate that this RBD vaccine has broad-spectrum activ-
ity against multiple SARS-CoV-2 variants, as well as the potential to be effective and
have improved efficacy against Omicron and other pandemic variants.

IMPORTANCE Several SARS-CoV-2 variants have shown increased transmissibility, calling
for a need to develop effective vaccines with broadly neutralizing activity against multi-
ple variants. This study identified a non-neutralizing epitope on the receptor-binding do-
main (RBD) of SARS-CoV-2 spike protein, and further shielded it with a glycan probe. A
subunit vaccine based on this mutant RBD significantly enhanced the ability of pro-
totypic RBD against multiple SARS-CoV-2 variants, including the Delta and Omicron
strains, although the neutralizing antibody titers against some of these variants
were lower than those against original SARS-CoV-2. This mutant vaccine also
enhanced the protective efficacy of the prototypic RBD vaccine against SARS-CoV-2
infection in immunized animals. In conclusion, this study identified an engineered
RBD vaccine against Omicron and other SARS-CoV-2 variants that induced stronger
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neutralizing antibodies and protection than the original RBD vaccine. It also high-
lights the need to improve the effectiveness of current COVID-19 vaccines to pre-
vent pandemic SARS-CoV-2 variants.

KEYWORDS coronavirus, COVID-19, SARS-CoV-2, Omicron and other variants, subunit
vaccine, improved neutralizing activity, enhanced protection

Coronavirus disease 2019 (COVID-19), first reported in 2019 (1), has led to a global
pandemic with severe economic loss. As of July 19, 2022, more than 559 million

COVID-19 cases and at least 6.3 million deaths have been reported worldwide. Severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative agent of COVID-
19, consists of four structural proteins, with the surface spike (S) protein playing a criti-
cal role in viral infection and pathogenesis (2, 3). The S protein consists of two subunits,
S1 and S2. The receptor-binding domain (RBD) in the S1 subunit binds to a cellular re-
ceptor, angiotensin-converting enzyme 2 (ACE2), to initiate the viral entry process,
whereas the S2 subunit mediates fusion between the virus and the cell membrane (4,
5). Therefore, the SARS-CoV-2 S protein and its RBD fragment are key targets for the de-
velopment of COVID-19 vaccines.

Since its emergence in December 2019, SARS-CoV-2 has undergone continuous
mutations, resulting in the occurrence of multiple variants, including Alpha (B.1.1.7 lin-
eage), Beta (B.1.351 lineage), Gamma (P.1 lineage), Delta (B.1.617.2 lineage), and
Epsilon (B.1.427 or B.1.429 lineage) (6–8). A new variant, Omicron (B.1.1.529 lineage),
which was first identified in South Africa in late November 2021, has spread rapidly to
other countries and currently accounts for the majority of cases in the United States
and many other countries (9–11). These variants have been found to include multiple
mutations in the S protein or RBD. Thus, it is crucial to understand and quickly deter-
mine whether current vaccines which target the prototype virus strain are effective
against SARS-CoV-2 variants, especially Omicron.

Compared to other vaccine types, such as viral vectored vaccines, subunit vaccines
generally have low immunogenicity due to their intrinsic limitations involving the
inclusion of various immunodominant non-neutralizing epitopes (12, 13). Masking of
such epitopes by glycan probes or other approaches may focus immune responses
against the neutralizing epitopes, thereby potentially increasing the neutralizing
capacity of subunit vaccines (12, 14). A neutralizing immunogenicity index (NII)
approach has been developed to calculate the contribution of epitopes to the overall
neutralizing immunogenicity of subunit vaccines. This led to the successful design of
several mutant subunit vaccines with improved efficacy against the Middle East respi-
ratory syndrome coronavirus (MERS-CoV) and Zika virus (12, 15).

This study describes the identification of an immunodominant non-neutralizing epi-
tope containing residue Asn519 of the SARS-CoV-2 S protein, and its masking with a N-
linked glycan probe. This enabled the design of a mutant RBD subunit vaccine containing
a glycosylation site at residues 519 and 521. The NII of this epitope was determined, as
were the receptor-binding affinity and antibody-binding affinity of the resultant mutant
RBD and its ability to induce antibody production. This mutant protein was found to
improve the neutralizing activity of the RBD, enabling it to neutralize multiple variants of
SARS-CoV-2, including Omicron, and to enhance the ability of the RBD to protect animals
against SARS-CoV-2 infection.

RESULTS
Introduction of a glycan probe onto an epitope and characterization of a glyco-

sylated mutant SARS-CoV-2 RBD protein. A glycan probe was attached to an epitope
surrounding residue Asn519 of the RBD of SARS-CoV-2 S protein (Fig. 1A), and muta-
tions were introduced at residues 519 and 521 to generate an N-linked glycosylation
site. A recombinant mutant RBD protein was constructed based on this glycosylation
site and purified from supernatants of 293T cells transfected with a recombinant plas-
mid expressing this protein. The binding of the glycosylated mutant RBD protein (MU-
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RBD) to human ACE2 (hACE2) receptor was similar to that of the prototypic wild-type
(WT)-RBD did (Fig. 1B), indicating that masking of this epitope did not affect the ability
of the RBD to bind to its receptor. Further analysis revealed that this mutant RBD pro-
tein also bound to SARS-CoV-2 RBD-specific neutralizing nanobodies (Nanosota-1C-Fc
and Ty1) (Fig. 1C and D) and neutralizing monoclonal antibodies (MAbs) (CV30 and
EY6A) (Fig. 1E and F), as well as serum neutralizing antibodies from COVID-19-vacci-
nated humans (Fig. 1G), similar to the binding of prototypic RBD, suggesting that the
masked epitope did not affect the antigenicity of the RBD or its ability to bind to spe-
cific neutralizing antibodies.

Glycosylated mutant SARS-CoV-2 RBD induced significantly higher-titer neu-
tralizing antibodies than the prototypic RBD against SARS-CoV-2 Alpha, Beta,
Gamma, and Epsilon variants. To assess the neutralizing activity of glycosylated mu-
tant RBD against multiple SARS-CoV-2 variants, hACE2-transgenic (Tg) mice were
immunized with this protein (Fig. 2), and the titers of induced neutralizing antibodies
against SARS-CoV-2 variants were compared with the titers of antibodies induced by
the prototypic RBD. Neutralization analyses were performed using pseudoviruses
expressing the S protein of the Alpha, Beta, Gamma, and Epsilon variants of SARS-CoV-
2. Mice were immunized three times with prototypic or mutant RBD, and sera of these
mice collected 10 days after both the second and the third immunizations were used
for the following tests (Fig. 2).

Sera collected from hACE2-Tg mice 10 days after the third immunization demon-
strated that, compared with the prototypic RBD, the mutant RBD elicited significantly
higher titers of neutralizing antibodies against B.1.1.7 (Alpha) variant pseudoviruses
harboring key mutations, including N501Y, D614G, or 67-70del-N501Y-D614G, in the S
protein. Moreover, the titers of neutralizing antibodies induced by mutant RBD against
pseudovirus containing these mutations were similar to, or slightly different from,
those against original SARS-CoV-2 (Fig. 3A to D). The titers of the neutralizing antibod-
ies induced by mutant RBD were also significantly higher than those induced by the
prototypic RBD protein against an Alpha variant pseudovirus containing all 10 amino

FIG 1 Introduction of glycan probe and characterization of glycosylated mutant SARS-CoV-2 RBD protein. (A) Crystal
structure of SARS-CoV-2 RBD (PDB access code: 6M0J). The core structure is colored in cyan, and the receptor-binding
motif (RBM) in magenta. Mutated residue (Asn519) is shown where an N-linked glycan probe was introduced. (B) Receptor-
binding affinity of mutant receptor-binding domain (RBD) (MU-RBD) subunit vaccine. An enyzme-linked immunosorbent
assay (ELISA) was carried out to assess the binding of MU-RBD protein to soluble human angiotensin-converting enzyme 2
(hACE2) protein. Prototypic wild-type (WT)-RBD protein was included as comparison. (C to G) Antibody-binding affinity of
MU-RBD subunit vaccine. ELISA was carried out to detect the binding of MU-RBD protein to SARS-CoV-2 RBD-specific
neutralizing nanobodies Nanosota-1C-Fc (C) and Ty1 (D), neutralizing MAbs CV30 (E) and EY6A (F), and neutralizing human
sera (G). WT-RBD was used as comparison. Data (panels B to G) are presented as mean 6 standard error of the mean
(SEM) of quadruple wells. The experiments were repeated twice, resulting in similar results.

A RBD Induces Enhanced Neutralization against Variants Journal of Virology

September 2022 Volume 96 Issue 17 10.1128/jvi.00118-22 3

https://www.rcsb.org/structure/6m0j
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00118-22


acid changes in the S protein, although the neutralizing antibody titer induced by mu-
tant RBD was about two- to three-fold less potent against this variant than against
original SARS-CoV-2 (Fig. 3A and E).

Sera collected from hACE2-Tg mice 10 days after the second immunization showed

FIG 3 Glycosylated mutant SARS-CoV-2 RBD protein elicited improved neutralizing antibodies against SARS-CoV-2 Alpha, Beta,
Gamma, and Epsilon variants. hACE2-Tg mice were immunized with the prototypic WT-RBD or MU-RBD protein and boosted twice
at 3 weeks. Mice injected with PBS were included as control. Mouse sera collected 10 days after the third immunization (A to E)
and 10 days after the second immunization (F to J) were assessed for neutralizing activity against infection of pseudoviruses
expressing S protein of the SARS-CoV-2 original strain and each variant harboring mutation(s) at the indicated amino acid(s),
respectively. Alpha variant (B.1.1.7 lineage) contains all 10 amino acid mutations (69 to 70 deletion, 145 deletion, N501Y, A570D,
D614G, P681H, T716I, S982A, and D1118H) in the S protein of SARS-CoV-2. Neutralizing activity was expressed as 50% neutralizing
antibody titers (NT50) against pseudovirus infection in 293T cells expressing hACE2 receptor (hACE2/293T). Data are presented as
mean 6 SEM of quadruple wells from pooled sera of five mice in each group. ***, (P , 0.001) indicates significant differences
between the MU-RBD and WT-RBD groups. The experiments were repeated twice, resulting in similar results. (K to L) Calculated
neutralizing immunogenicity index (NII) values based on the neutralizing antibody titers (NT50) and the following formula: (NT50-WT –
NT50-MU)/NT50-WT, where NT50-WT and NT50-MU represent NT50 induced by the WT-RBD and MU-RBD, respectively.

FIG 2 Immunization and challenge schedules. C57BL/6 and hACE2-transgenic (Tg) mice were
immunized with the prototypic WT-RBD, MU-RBD, or phosphate-buffered saline (PBS) control in the
presence of adjuvants for three times at 3-week intervals. Sera were collected at 10 days after the
second and third immunizations, and tested for IgG antibodies and neutralizing antibodies against
pseudotyped and authentic SARS-CoV-2 original strain and variants. Immunized hACE2-Tg mice were
challenged with SARS-CoV-2 original strain or Delta variant and observed for survival and weight
changes for 14 days. Immunized C57BL/6 mice were challenged with a mouse-adapted SARS-CoV-2
variant and evaluated for viral titers in the lungs at day 2 after virus challenge.
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that the glycosylated mutant RBD protein induced high titers of neutralizing antibodies
against pseudoviruses of Epsilon (B.1.427 or B.1.429 lineage) variants harboring a single
L452R mutation, with titers similar to those against original SARS-CoV-2 (Fig. 3F and G).
These antibodies also efficiently neutralized pseudoviruses bearing a single E484K
mutation, or triple mutations of K417N-E484K-N501Y (Beta variant: B.1.351 lineage)
and K417T-E484K-N501Y (Gamma variant: P.1 lineage), although the neutralizing anti-
body titers against the Beta and Gamma variants were lower than those against origi-
nal SARS-CoV-2 (Fig. 3F, H to J).

The neutralizing immunogenicity index of an epitope has been defined as the con-
tribution of that epitope to the overall neutralizing immunogenicity of the subunit vac-
cines (12, 15). Measurement of the NII of the glycan-shielded epitope on the RBD
showed that its NIIs against original SARS-CoV-2 and its variants were all negative (Fig.
3K and L), indicating that this non-neutralizing epitope makes a negative contribution
to the overall neutralizing immunogenicity of RBD. Thus, masking the epitope with a
glycan probe significantly improved the overall neutralizing activity of the RBD subunit
vaccine.

Glycosylated mutant SARS-CoV-2 RBD elicited higher neutralizing antibody
titers than the prototypic RBD against SARS-CoV-2 Delta and Omicron variants.
The SARS-CoV-2 Delta and Omicron variants have been identified as the variants of
concern (VOCs) with high transmissibility and, in the case of Delta, disease severity (6,
10, 16). To investigate the neutralizing activities of glycosylated mutant SARS-CoV-2
RBD against these variants, sera of C57BL/6 and C57BL/6-background hACE2-Tg mice
collected 10 days after the second and third immunizations were tested for neutraliz-
ing activity against pseudotyped Delta and Omicron variants which contained L452R-
T478K-P681R and 38 amino acid mutations in their S protein, respectively, or against
authentic Delta and Omicron variants (Fig. 2).

Compared with the prototypic RBD, the mutant RBD induced similar levels of IgG anti-
bodies specific to the SARS-CoV-2 wild-type (WT)-RBD, Delta-RBD, Omicron BA.1-RBD, and
Omicron BA.2-RBD proteins, respectively (Fig. 4A to P), but significantly higher-titer neutral-
izing antibodies against pseudotyped (Fig. 5A to L) and authentic (Fig. 5M to R) SARS-CoV-
2 original strain, Delta, and Omicron variants (Fig. 5A to R) in both C57BL/6 and hACE2-Tg
mice. In particular, the third dose of the mutant RBD vaccine further improved neutralizing
antibody titers compared to the second dose (Fig. 5A to L). These results suggest that
masking the non-neutralizing epitope Asn519 maintained the immunogenicity of the RBD
in the induction of specific IgG antibodies but increased its ability to induce potent antivi-
ral neutralizing antibodies against SARS-CoV-2 Delta and Omicron variants, in addition to
the original virus strain. Similarly, the negative NIIs of the mutant RBD against the SARS-
CoV-2 original strain, Delta, and Omicron variants confirm that the identified epitope
makes a negative contribution to the overall neutralizing immunogenicity of the RBD
(Fig. 5S to X). Notably, the neutralizing activity induced by the glycosylated mutant RBD
was less effective against the Delta and Omicron variants than against original SARS-CoV-2
(Fig. 5A to R), and the numbers of IgG antibodies binding to the Omicron BA.1 and BA.2
RBD proteins were also lower than the numbers binding to the WT-RBD and Delta-RBD
proteins (Fig. 4).

These data indicate that glycosylated mutant RBD vaccine elicited antibodies that
were able to effectively neutralize pseudotyped and authentic SARS-CoV-2 Delta and
Omicron variants with multiple mutations in their S protein or RBD, albeit the neutraliz-
ing titers were relatively lower than those against the original virus strain.

Glycosylated mutant SARS-CoV-2 RBD showed greater efficacy than prototypic
RBD in protecting mice against infection from SARS2-CoV-2 original strain and
Delta variant. To investigate the ability of glycosylated mutant RBD to induce protective
immunity against SARS-CoV-2 infection, immunized hACE2-Tg mice were challenged with
lethal doses of the original strain or Delta variant of SARS-CoV-2 25 to 50 days after the
last immunization, and their survival and weight changes were monitored for 14 days.
Immunized C57BL/6 mice were also challenged with a mouse-adapted SARS-CoV-2
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variant (SARS2-N501YMA30), and viral titers were detected in the lung on day 2 after virus
challenge (Fig. 2).

All of the hACE2-Tg mice immunized with the mutant RBD protein survived chal-
lenge with original SARS-CoV-2 infection and showed no weight loss, whereas only
80% of mice immunized with the prototypic RBD protein survived after this SARS-
CoV-2 challenge with increased weight loss (Fig. 6A and B). Although all of the
hACE2-Tg mice immunized with the mutant or prototypic RBD protein survived chal-
lenge with Delta SARS-CoV-2 variant, the mice immunized with the prototypic RBD pro-
tein had more weight loss than those immunized with the mutant RBD (Fig. 6C and D).
In contrast, control hACE2-Tg mice receiving phosphate-buffered saline (PBS) and related
adjuvants all lost weight after SARS-CoV-2 original or Delta variant challenge, and all
died by 8 or 9 days after challenge (Fig. 6A to D). The immunized C57BL/6 mice potently
inhibited replication of the mouse-adapted SARS2 (N501YMA30), with significantly lower
viral titers in the lung than the PBS control mice after challenge (Fig. 6E). These findings

FIG 4 Antibody responses induced by glycosylated mutant SARS-CoV-2 RBD protein. C57BL/6 and hACE2-Tg mice were immunized with the prototypic WT-
RBD or MU-RBD protein, or with PBS control as described above, and collected for sera 10 days after the second and third immunizations. ELISA for
detection of IgG antibodies specific to the SARS-CoV-2 WT-RBD (A, E, I, and M), Delta-RBD (B, F, J, and N), Omicron BA.1-RBD (C, G, K, and O), and Omicron
BA.2-RBD (D, H, L, and P) from sera of C57BL/6 mice (A to H) and hACE2-Tg (I to P) mice after the second (A to D, I to L) and third (E to H, M to P)
immunizations. Data are presented as mean 6 SEM of quadruple wells from pooled sera of five mice in each group. The experiments were repeated twice,
resulting in similar results.
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indicate that glycosylation of the SARS-CoV-2 RBD of a single identified epitope
enhanced neutralizing immunogenicity and protection of mice against SARS-CoV-2,
leading to complete protection against infection from the original virus strain and
Delta variant without obvious weight loss.

DISCUSSION

Subunit vaccines are generally safe but have relatively low immunogenicity. This study
describes the design of a novel subunit vaccine with improved neutralizing immunogenic-
ity and protection. Alignment of the SARS-CoV-2 and SARS-CoV RBD sequences indicates
that SARS-CoV carries an asparagine (N) in its RBD corresponding to residue 519 (histidine,
H) of SARS-CoV-2 RBD (17, 18). In addition, this residue is located on a protruding loop in
the core region of SARS-CoV-2 RBD (Fig. 1A), a potential immunodominant non-neutraliz-
ing epitope. Therefore, a glycan probe was placed onto residue 519 of SARS-CoV-2 RBD to
form an N-linked glycan probe (N-X-T, where X is any amino acid other than proline) with

FIG 5 Glycosylated mutant SARS-CoV-2 RBD protein elicited improved neutralizing antibodies against SARS-CoV-2 Delta and Omicron
variants. The same sera described in Fig. 4 were tested for neutralizing antibodies against infection of pseudoviruses expressing S
protein of the SARS-CoV-2 original strain (A, D, G, and J), Delta variant (harboring L452R-T478K-P681R mutations in the S1 region) (B, E,
H, and K), and Omicron variant (harboring 38 amino acid mutations in the S protein) (C, F, I, and L), respectively. These sera were
collected from C57BL/6 (A to F) and hACE2-Tg (G to L) mice 10 days after the second (A to C, G to I) and third (D to F, J to L)
immunizations. Sera from C57BL/6 (M to O) and hACE2-Tg (P to R) mice after the third immunization were also tested for neutralizing
antibodies against infection of authentic SARS-CoV-2 original strain (M and P), Delta (N and Q), and Omicron (O and R) variants.
Neutralizing activity was calculated as NT50 against infection of each pseudotyped or authentic SARS-CoV-2. **, (P , 0.01) and ***, (P ,
0.001) indicate significant differences between the MU-RBD and WT-RBD groups. Data (panels A to R) are shown as mean 6 SEM of
quadruple wells from pooled sera of five mice in each group. The experiments were repeated twice, resulting in similar results. (S to X)
Calculated neutralizing NII values based on the neutralizing antibody titers (NT50) and the formula described in Fig. 3.
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residue 521, on which the design of a mutant RBD subunit vaccine was based. This mutant
RBD protein had the same receptor-binding affinity and antibody-binding activity as the
prototypic RBD, presenting similar immunogenicity in the induction of effective IgG anti-
bodies. Similar to the glycan-shielded subunit vaccines against MERS-CoV and Zika virus
(12, 15), the mutant RBD induced significantly higher titers of neutralizing antibodies than
the prototypic RBD. The hACE2-Tg mice express SARS-CoV-2 receptor human ACE2, and
thus they are an effective lethal animal model for the evaluation of COVID-19 vaccines and
therapeutic agents (19, 20). Here, we found that the mutant RBD demonstrated improved
efficacy in protecting immunized hACE2-Tg mice against lethal challenge with the proto-
type SARS-CoV-2 strain and Delta variant. Our findings also confirm that the identified
non-neutralizing epitope made a negative contribution to the overall neutralizing immu-
nogenicity of the RBD subunit vaccine, enhancing its neutralizing activity and protective
efficacy.

Several SARS-CoV-2 VOCs have been identified, all of which have mutations in the
viral S protein, including the RBD (21–23). The Alpha, Beta, Gamma, and Delta VOCs
induce more severe infections than the prototype virus strain, and the Delta variant
may lead to more serious infection than other variants. In contrast, the Omicron variant
appears to have increased transmissibility but cause attenuated infection and disease
(8, 10, 11, 16, 24–27). Although at least three COVID-19 vaccines have been approved
or authorized to prevent SARS-CoV-2 infection in humans (28–31), the emergence of
these VOCs, particularly the Omicron variant, has limited current prevention strategies
based on the prototype virus strain. Therefore, developing effective vaccines with
broad-spectrum activity against different variants will be critical in preventing the
spread of SARS-CoV-2 infection and ending the COVID-19 pandemic.

Interestingly, the glycosylated RBD described in this study was able to elicit neutral-
izing antibodies against pseudotyped and authentic prototype strains of SARS-CoV-2,

FIG 6 Glycosylated mutant SARS-CoV-2 RBD protein induced enhanced protective efficacy against
infection of the SARS-CoV-2 original strain and Delta variant. At 25 days after the third immunization,
hACE2-Tg mice (5 mice/group) were challenged with prototype SARS-CoV-2 human strain (2019n-
CoV/USA-WA1/2009, 5,000 PFU/mouse), and observed for survival (A) and body weight changes (B)
for 14 days post-challenge. In addition, 50 days after the third immunization, hACE2-Tg mice (5 mice/
group) were challenged with SARS-CoV-2 Delta variant (10,000 PFU/mouse) and observed for survival
(C) and body weight changes (D) for 14 days post-challenge. At 50 days after the third immunization,
C57BL/6 mice were challenged with mouse-adapted strain of SARS-CoV-2 (SARS2-N501YMA30, 5,000
PFU/mouse), and measured for lung viral titers on day 2 post-challenge. Data (in panels B, D, and E)
are shown as mean 6 SEM of 5 mice in each group. *, (P , 0.05); **, (P , 0.01); and ***, (P , 0.001)
indicate significant differences between the WT-RBD and PBS (cyan), MU-RBD and PBS (red), or WT-
RBD and MU-RBD (black) groups.
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as well as against all mutant VOC strains tested, including Alpha, Beta, Gamma, Delta,
and Omicron. Moreover, the neutralizing antibody titers against these strains were sig-
nificantly higher than those induced by the prototypic RBD. These results suggest that
the mutant RBD subunit had the ability to induce broadly neutralizing antibodies
against multiple SARS-CoV-2 variants, including Omicron.

There are some potential limitations of this study. For example, the antibodies
induced by the mutant RBD had lower neutralizing activity against the SARS-CoV-2 var-
iants, particularly the Omicron variant, than against the original virus strain, indicating
that these variants, especially Omicron, which contains 38 mutations in the S protein,
escape immune responses specific to the RBD of prototypic SARS-CoV-2 S protein.
Thus, the mutant RBD protein with a single glycan probe might not induce neutralizing
antibodies as potent as those induced by other proteins with several combined glycan
probes against all SARS-CoV-2 variants, or cross-neutralizing antibodies against SARS-
CoV and SARS-related coronaviruses with pandemic potential. Thus, future studies will
be needed to identify more non-neutralizing epitopes within the RBD of SARS-CoV-2
or SARS-CoV and combine them to design vaccines with improved neutralizing immu-
nogenicity and protection. In addition, future studies will also be needed to evaluate
the structure of the mutant RBD complexed with the ACE2 receptor, the study of which
will be important to understand whether the masked epitope affects the functionality
of the RBD to bind its receptor in structure perspectives.

Overall, our results are consistent with those of other studies, which have demon-
strated that antibodies induced by immunization with two doses of current COVID-19
vaccines had reduced neutralizing activity against Omicron and other variants than
against prototype SARS-CoV-2 (32–34). Moreover, although neutralizing antibodies
against the Omicron variant could be induced by three doses of the Moderna or Pfizer
mRNA vaccines, their titers were relatively low (35). Therefore, effective vaccines specif-
ically targeting variant S proteins or their RBDs, or universal vaccines targeting the con-
served epitopes of SARS-CoV-2 S protein, are needed for further development.
Improvements in the effectiveness of COVID-19 vaccines are urgently needed to pre-
vent infection or at least disease caused by SARS-CoV-2 Omicron and other variants.

MATERIALS ANDMETHODS
Construction and purification of recombinant proteins. The RBD sequence of prototypic SARS-CoV-

2 was amplified by PCR using a plasmid encoding S protein of SARS-CoV-2 (GenBank accession no.
QHR63250.2). The RBD sequence of SARS-CoV-2 Omicron BA.1 variant was amplified by PCR using a plasmid
encoding RBD of SARS-CoV-2 Omicron BA.1 variant (GISAID accession no. EPI_ISL_6795835). The RBD
sequence of SARS-CoV-2 Omicron BA.2 variant (GISAID accession no. EPI_ISL_9401700) was amplified using
ClonExpress MultiS One Step Cloning kit (Cellagen Technology LLC) based on the prototypic SARS-CoV-2
RBD sequence described above. The amplified PCR fragments were fused with a C-terminal Fc fragment of
human IgG. The mutant RBD and Delta RBD were constructed using a multi-site-directed mutagenesis kit
(Agilent Technologies) based on the prototypic SARS-CoV-2 RBD sequence. The recombinant plasmids were
transfected into HEK293T/293F cells, and the respective protein was purified from the culture supernatants
using nProtein A Sepharose 4 Fast Flow (GE Healthcare).

ELISA. The binding between each SARS-CoV-2 RBD protein and human ACE2 (hACE2) protein was
detected by enzyme-linked immunosorbent assay (ELISA) (36). Briefly, the ELISA plates were coated with re-
spective RBD protein (2 mg/mL) at 4°C overnight and blocked with 2% fat-free milk in PBS containing 0.05%
Tween 20 (PBST) at 37°C for 2 h. The plates were then incubated with hACE2 protein (20 or 5 mg/mL, R&D
Systems) at 37°C for 2 h. After washing 3 times using PBST, the binding was detected by goat anti-hACE2 IgG
antibody (0.2 mg/mL, R&D Systems), followed by horseradish peroxidase (HRP)-conjugated rabbit anti-goat
IgG antibody (1:5,000, R&D Systems). The plates were further washed and incubated with TMB (3,39,5,59-tetra-
methylbenzidine) substrate (Sigma-Aldrich), and the reaction was stopped by 1 N H2SO4. The absorbance at
450 nm (A450) was measured using a Cytation 7 Microplate Multi-Mode Reader (BioTek Instruments).

The binding between SARS-CoV-2 RBD proteins and RBD-specific serum antibodies or neutralizing
antibodies (nAbs) was detected by ELISA (36, 37). Briefly, the ELISA plates were coated with each RBD
protein (1 mg/mL) at 4°C overnight. After the aforementioned blockage and washing steps, the plates
were incubated with serially diluted mouse or human sera (38), or with nAbs (e.g., CV30, EY6A, and Ty1)
(Absolute Antibody), at 37°C for 2 h, followed by incubation with HRP-conjugated anti-mouse IgG anti-
body (1:5,000, Abcam; for mouse sera), anti-human IgG-Fab antibody (1:4,000, Abcam; for CV30, EY6A,
and human sera), or anti-His antibody (1:4,000; for Ty1) at 37°C for 1 h. Alternatively, the ELISA plates
were coated with Nanosota-1C-Fc (20) as described above, followed by sequential addition of each RBD
protein, mouse anti-SARS-CoV-2-S polyclonal antibody, and HRP-conjugated anti-mouse antibody
(1:5,000, Abcam). The other procedures were performed as described above.
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Construction of recombinant plasmids. Recombinant plasmids expressing S protein of the SARS-CoV-
2 original strain (GenBank accession no. QHR63250.2) or Alpha (B.1.1.7) variant strain (GISAID accession no.
EPI_ISL_718813) were constructed by inserting the respective DNA sequence into pcDNA3.1/V5-His-
TOPO vector (Thermo Fisher Scientific) (17, 36). Omicron BA.1 variant (B.1.1.529) (GISAID accession no.
EPI_ISL_6795835) and recombinant plasmids expressing S protein of other variants containing single or multi-
ple amino acid mutations were constructed using a multi-site-directed mutagenesis kit (Agilent Technologies)
and confirmed by sequencing analysis. The constructed plasmids were used to generate pseudoviruses as
described below.

Generation of SARS-CoV-2 pseudoviruses and neutralization assay. This was performed as previ-
ously described with some modifications (17, 36, 37, 39). Briefly, SARS-CoV-2 pseudoviruses were pro-
duced by cotransfection of 293T cells with pLenti-CMV-Luciferase, PS-PAX2, and each of the plasmids
encoding SARS-CoV-2 original or mutant S protein using a polyetherimide (PEI) transfection method.
The pseudovirus-containing supernatants were harvested at 72 h post-transfection and used for neutral-
ization assays. For pseudovirus neutralization, SARS-CoV-2 pseudoviruses expressing original or mutant
S protein were incubated with serially diluted sera at 37°C for 2 h, and then added to 293T cells express-
ing hACE2 (hACE2/293T) cells in 96-well plates, followed by the addition of fresh medium 24 h later. At
72 h later, the cells were lysed using cell lysis buffer (Promega) and incubated with luciferase substrate
(Promega). The relative luciferase activity was measured using the Cytation 7 Microplate Multi-Mode
Reader described above. SARS-CoV-2 pseudovirus neutralization was calculated and expressed as 50%
neutralizing antibody titer (NT50).

Plaque reduction neutralization assay. Sera collected from the immunized mice described below
were measured for neutralizing activity against prototype SARS-CoV-2 human strain (2019n-CoV/USA-
WA1/2009), as well as against authentic Delta (B.1.617.2) and Omicron (B.1.1.529) variants, using a pla-
que reduction neutralization assay as previously described, with some modifications (40). Briefly, sera
which had been serially diluted in Dulbecco’s modified Eagle medium (DMEM) were mixed with each vi-
rus (40 to 80 PFU/well) at 37°C for 1 h. The serum-virus mixture was incubated with Vero E6 (for proto-
type strain and Delta variant) or Vero E6 in the presence of ACE2 and TMPRSS2 (for Omicron variant)
cells at 37°C for 45 min. After the inoculum was removed, the cells were overlaid with 0.6% agarose and
cultured for 3 days. The overlays were then removed, and plaques were visualized by staining with 0.1%
crystal violet. The neutralizing antibody titer was calculated as NT50 (i.e., the highest serum dilution able
to reduce the number of virus plaques by 50%).

Ethics statement. C57BL/6 and hACE2-Tg mice were used in the study. The animal welfare and ex-
perimental procedures were approved by the Committee on the Ethics of Animal Experiments of
Georgia State University, New York Blood Center, and University of Iowa. All mouse-related experiments
were performed in strict accordance with the Guidelines for the Care and Use of Laboratory Animals of
the National Institutes of Health.

Mouse immunization and challenge studies. The following three immunization and challenge
studies were performed as previously described with some modifications (20, 39). First, 4-month-old
hACE2-Tg mice (mixed, 1 to 5 male or female) were intramuscularly (IM) immunized with SARS-CoV-2
prototypic-RBD protein, mutant RBD protein (10 mg/mouse), or PBS control in the presence of aluminum
(500 mg/mouse) and monophosphoryl lipid A (MPL, 10 mg/mouse) adjuvants (InvivoGen). The immu-
nized mice were boosted twice with the same immunogen and adjuvants at 3 weeks, and sera were col-
lected at 10 days after the 2nd and 3rd immunizations to detect specific IgG antibodies or neutralizing
antibodies (as described above). At 25 days after the last immunization, mice were transferred to an
Animal Biosafety Level 3 facility, intranasally (IN) challenged with a prototype SARS-CoV-2 human strain
(2019n-CoV/USA-WA1/2009, 5,000 PFU/mouse, 50 mL/mouse), and observed for survival and body
weight changes for 14 days after the challenge. Second, 2- to 3-month-old hACE2-Tg mice (mixed, 1 to 5
male or female) were immunized with each protein or the control, collected for sera as described above,
challenged with SARS-CoV-2 Delta (B.1.617.2) variant (10,000 PFU/mouse, 50 mL/mouse) at 50 days after
the last immunization, and then observed for survival and body weight changes for 14 days after the
challenge. Third, 2- to 4-month-old female C57BL/6 mice were immunized with each protein or the con-
trol, collected for sera as described above, and challenged with a virulent mouse-adapted strain of
SARS-CoV-2 (SARS2-N501YMA30, 5,000 PFU/mouse, 50 mL/mouse) (40) at 50 days after the last immuniza-
tion. Mouse lungs were collected on day 2 after virus challenge for detection of viral titers as described
below. The immunization and challenge schedules are summarized in Fig. 2.

Detection of viral titers. The lung tissues from challenged mice were homogenized and centrifuged
for collection of supernatants. The supernatants were then serially diluted in DMEM cell culture medium
and incubated with Vero E6 cells at 37°C for 1 h. This was followed by the same procedures as for the pla-
que reduction neutralization assay described above. Viral titers were quantified as PFU/mL of lung tissue.

Statistical analysis. Statistical significance was analyzed using GraphPad Prism 9 statistical software.
Statistically significant differences in neutralizing antibody or viral titers between the mutant RBD pro-
tein, prototypic RBD protein, and/or PBS control groups were calculated using a two-tailed independent
Student’s t test. Statistically significant differences between survival curves were calculated by a Kruskal-
Wallis test. Statistically significant differences between weight curves were calculated by an Ordinary
one-way analysis of variance. P , 0.05 was considered significant. *, **, and *** in the figures represent
P, 0.05, P, 0.01, and P, 0.001, respectively.
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