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Abstract: The spread of SARS-CoV-2 and its variants leads to a heavy burden on healthcare and the
global economy, highlighting the need for developing vaccines that induce broad immunity against
coronavirus. Here, we explored the immunogenicity of monovalent or bivalent spike (S) trimer
subunit vaccines derived from SARS-CoV-2 B.1.351 (51-2P) or/and B.1. 618 (S2-2P) in Balb/c mice.
Both S1-2P and S2-2P elicited anti-spike antibody responses, and alum adjuvant induced higher levels
of antibodies than Addavax adjuvant. The dose responses of the vaccines on immunogenicity were
evaluated in vivo. A low dose of 5 ug monovalent recombinant protein or 2.5 ug bivalent vaccine
triggered high-titer antibodies that showed cross-activity to Beta, Delta, and Gamma RBD in mice.
The third immunization dose could boost (1.1 to 40.6 times) high levels of cross-binding antibodies
and elicit high titers of neutralizing antibodies (64 to 1024) prototype, Beta, Delta, and Omicron
variants. Furthermore, the vaccines were able to provoke a Thl-biased cellular immune response.
Significantly, at the same antigen dose, S1-2P immune sera induced stronger broadly neutralizing
antibodies against prototype, Beta, Delta, and Omicron variants compared to that induced by S2-2P.
At the same time, the low dose of bivalent vaccine containing S2-2P and S1-2P (2.5 ug for each antigen)
significantly improved the cross-neutralizing antibody responses. In conclusion, our results showed
that monovalent S1-2P subunit vaccine or bivalent vaccine (S1-2P and S2-2P) induced potent humoral
and cellular responses against multiple SARS-CoV-2 variants and provided valuable information for
the development of recombinant protein-based SARS-CoV-2 vaccines that protect against emerging
SARS-CoV-2 variants.
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1. Introduction

The Coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) has led to a heavy burden on the global
healthcare system and significant economic losses [1]. Developing a safe, effective, and
long-lasting SARS-CoV-2 vaccine is a common aspiration worldwide. Multiple vaccines
based on the prototype strain of SASR-CoV-2 have been approved and have been pro-
tecting vaccinated people against severe disease and infection [2]. However, vaccine
effectiveness declines, and protection against emerging mutants causing new outbreaks in
various countries and regions has waned over time [3-6]. Throughout the pandemic, more
than 1000 SARS-CoV-2 variants have been reported, five of which include B.1.1.7 (Alpha),
B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and B.1.521 (Omicron) have been identified
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as variants of concern (VOCs). Except for alpha variants, these variants show substantially
decreased neutralization by the existing monoclonal antibodies and sera from vaccinators
and individuals who recovered from the first wave of the pandemic [7-12]. Thus, a more
effective and broad-spectrum protective vaccine against SARS-CoV-2 is urgently required.

The trimeric spike glycoprotein (S) is the major surface protein of SARS-CoV-2 that
consists of the S1 subunit and S2 subunit. In the course of infection, the S protein initiates
major viral entry via binding the receptor-binding domain (RBD) on the S1 subunit to the
host receptor angiotensin-converting enzyme 2 (ACE-2) which is the principal target of
eliciting neutralizing responses [13]. S-specific IgG, especially RBD-specific IgG elicited
during viral infection or after vaccination, positively correlated with serum-neutralizing
antibody titers [14,15]. The spike protein is a crucial antigen for the rational design of
vaccines inducing neutralizing antibodies. Different mutations within the spike protein
were frequently observed, and the antigenicity and immunogenicity of different mutants
vary [8,16,17]. Various studies reported that mutations in the spike protein of the Beta
variant (mainly on NTD and RBD) considerably reduced vaccine efficacy and neutralizing
sensitivity [8]. Approximal 11-33-fold reductions in serum sensitivity to convalescent sera
and a 3.4-8.5-fold reduction in sera sensitivity to vaccinators were observed against the beta
variant [18-20]. In contrast, infection of the Beta variant elicited high titers of spike-binding
and neutralizing antibodies against both the prototype and gamma variant, indicating Beta
spike protein as a promising candidate for inducing cross-reactive neutralizing antibody
responses to SARS-CoV-2 [21]. In addition, the Delta variant, Kappa variant (B.1.617.1),
and B.1.618 variant exhibited a significantly increased binding affinity with nonhuman
ACE2 orthologs than prototype spike but reduced neutralizing sensitivity to convalescent
sera [22]. B.1.618 possesses two deletions of Tyr145 and His146 at the NTD and an E484K
mutation at the RBD, causing antibody escape due to high ACE2 affinity [23].

Strategies for using trimer subunit antigens against SARS-CoV-2 have been explored
to confront the emergence of mutants. Previous studies showed subunit vaccine using
the prefusion-stabilized prototype SARS-CoV-2 S trimer produced from ExpiCHO-s cells
(transfected with codon-optimized gene encoding SARS-CoV-2 S ectodomain with mutated
furin-recognition site, K986P-V986P mutations, and C-terminal T4 foldon) adjuvanted with
CpG 1018 and alum showed effective protection in mice and nonhuman primates [24] and
exhibited safety and efficacy in clinical trials [25]. Similarly, trimer antigen that contains
trimer-tag at the C terminal of spike ectodomain adjuvanted with either AS03 or CpG
1018 plus alum adjuvants induced high levels of both humoral and cell-mediated immune
responses and provided protection in rodents and nonhuman primates [26], and showed
good safety and promising protective efficacy in clinical trials [27,28]. Notably, the produc-
tion of spike trimer that contains ectodomain of spike and T4 foldon using CHO expression
system was reported to have achieved high yield and good quality that maintained trimer
configuration [29]. Since newly emerging variants with higher immune escape ability
might challenge the protective immune barrier established by existing vaccines, it is worth
exploring the immunogenicity and protective efficacy of the recombinant subunit vaccine
based on the spike proteins of emerging SARS-CoV-2 variants.

Here, to evaluate the immunogenicity of variant-specific spike subunit vaccine in
broad-spectrum neutralizing capacity, we designed a monovalent S trimer subunit vaccine
derived from spike protein B.1.351 or B.1.1.628 and a bivalent vaccine based on the combina-
tion of the two spike glycoproteins. The spike was stabilized in its trimer conformation by
two substitutions of proline mutations and a T4 foldon on the C-terminal and adjuvanted
with alum or a squalene-based oil-in-water emulsion similar to MF59® named AddaVax.
The immunogenicity of two monovalent vaccines and the bivalent vaccine at different doses
was evaluated in BALB/c mice. The cross-binding antibodies against different S and RBD
antigens were detected by coating various proteins in the enzyme-linked immunosorbent
(ELISA) assay, and the cross-neutralizing antibodies against the SARS-CoV-2 prototype,
Beta, Delta, and Omicron strains from different lineages were identified. Splenocytes
harvested after the third vaccination were used for the detection of Th1 (IL-2 and IFNYy)
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and Th2 (IL-4 and IL-5) cellular immune responses with the enzyme-linked immunospot
(ELISPOT) assay. Our findings provide valuable information for developing recombinant
protein-based SARS-CoV-2 vaccines and a good foundation for booster vaccinations to
protect against emerging SARS-CoV-2 variants.

2. Materials and methods
2.1. Cells, Plasmids, and Viruses

HEK293T, BHK21, and Vero-E6 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, CN) supplemented with 10% fetal bovine serum (FBS; Gibco, AU)
and 0.1% penicillin and streptomycin. 293T-ACE2 cells that overexpression of human ACE2
were cultured in DMEM supplemented with 10% FBS and 50 pg/mL G418. CHO-S cells
were cultured in Forti-CD CHO medium (Gibco) supplemented with 3% glutamic acid, and
the vector for env expression was pcDNA™3.1 (Invitrogen, CN). A plasmid corresponding
to the semi-stabilized SARS-CoV-2 B.1.351 S1-2P (residues 16-1213, with K986P and V987P
mutation) or B.1.618 S2-2P (EPI_ISL_4363578, residues 16-1213, with K986P and V987P
mutation) with tissue plasminogen activator (tPA) signal peptide protein at N terminal and
T4 trimerization sequence and 6X His at C terminal was codon-optimized and synthesized
by Tsingke Biotechnology Co., Ltd. The plasmids were then cloned into a gWiz-blank vector
under the control of CMV promoter with intron A. SARS-CoV-2 prototype, Beta variant,
Delta variant (CCPM-B-V049-2105-8), and Omicron variant (BA.1 like, which contains more
than 30 mutations on spike, including A67V, D614G, D796Y, E484A, G142D, G339D, G446S,
G4965, H69del, H655Y, ins214EPE, K417N, L2121, L981F, N211del, N440K, N501Y, N679K,
N764K, N856K, N969K, P681H, Q493R, Q498R, Q954H, S371L, S373P, S375F, S477N, T95I,
T478K, T547K, V70del, V143del, Y144del, Y145del, and Y505H) were propagated in Vero
E6 cells and titrated by TCID50 assay on Vero E6 cells at the Institute of Medical Biology,
Chinese Academy of Medical Sciences (IMBCAMS).

2.2. Proteins, Expression, and Purification

The expression vector of the S trimer was transfected into the CHO-S cell line according
to the manufacturer’s instructions. Briefly, CHO-S cells were seeded at 6 x 10° cells/mL
in Forti-CD CHO medium (Gibco, Shanghai, China, A11483) and incubated in an or-
bital shaking incubator at 37 °C and 120 rpm with 8% CO; overnight. The next day,
1.0 x 10° cells/mL were transfected using FreeStyleMax transfection reagent (Thermo
Fisher, Waltham, MA, USA, 16447100) and grown for five days at 35 °C. The cell culture
medium was harvested by centrifuge at 4800 rpm to remove cells. The supernatant was
collected and passed through a 0.45 pm filter and then loaded onto the pre-equilibrated
Ni Smart Beads 6FF (Changzhou Smart-Lifesciences Biotechnology Co., Ltd., Changzhou,
China, SA036100) affinity column for protein purification. The eluted proteins were then
buffer exchanged to PBS by ultracentrifugation using 50 kDa ultrafiltration cubes (Cytiva,
Shanghai, China, 28932362).

The S1-D614G, Omicron S trimer, E484K RBD, N501Y RBD, Beta RBD, Delta RBD,
and Gamma RBD proteins used in this study were purchased from Sino Biological (Bei-
jing, China) or Novoprotein (Shanghai, China), and detailed information is listed in
Supplementary Table S1.

2.3. Protein Electrophoresis and Western Blot

For Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), the
recombinant S protein was mixed with 5x SDS-PAGE loading buffer (Beyotime Biotechnol-
ogy, Shanghai, China, PO015L), boiled for 5 min, and briefly centrifuged to collect water
droplets on the upper cover. Next, the proteins were separated by 10% SDS-PAGE. For
Native-PAGE, the recombinant S protein was mixed with a 2x PAGE loading buffer and
separated by 8% Bis—Tris Protein Gels. For Coomassie Bright Blue staining, CBB Fast Stain-
ing Solution (Tiangen Biotech, Beijing, China) was used. For Western blot (WB) analysis,
the proteins were transferred from the gel to a PVDF membrane after blocking by 5% milk,



Vaccines 2023, 11, 193

4 of 14

three washes in PBS with 0.1% Tween 20 (PBST), the membranes were incubated with the
HRP-conjugated goat anti 6 x His antibody for one hour and washed three times in PBST.
Then, the protein level was visualized by enhanced chemiluminescence (ECL) (Bio-Rad,
Hercules, CA, USA).

2.4. Animal Vaccination

Female BALB/c mice 6-8 weeks old were supplied by the Central Services of the
Institute of Medical Biology, Chinese Academy of Medical Sciences & Peking Union Medical
College (IMB-CAMS). Mice were divided into different groups, with four mice in each
group. Recombinant S proteins were diluted in 25 uL of phosphate-buffered saline (PBS)
and mixed with the same volume of alum adjuvant or squalene-based oil-in-water emulsion
adjuvant AddaVax (InvivoGen, San Diego, CA, USA) and immunized intramuscularly at
doses of 5-20 pg SARS-CoV-2 S1-2P or S2-2P or both, at weeks 0 and 3, or boosted again at
week 6. The blood samples were collected from the caudal vein at two weeks following
boost immunization or from orbital veins on the day of sacrifice, followed by centrifugation
at 3500x g for 10 min to collect serum and stored at —20 °C before use.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

Recombinant SARS-CoV-2 proteins (S1-2P, 52-2P, S1-D614G, Omicron S trimer, E484K
RBD, N501Y RBD, Beta RBD, Delta RBD, Gamma RBD) were coated into a 96-well plate at
1 pg/mL in phosphate-buffered saline (PBS) and incubated overnight at 4 °C. The next day,
plates were washed three times by PBST (PBS with 0.05% Tween 20), then blocked by 200 uL
PBST containing 5% BSA for 2 h at 37 °C. Plates were then washed and incubated with
serially diluted serum samples (starting from 100, 3-fold, or 5-fold, 8 ) and incubated for
1 h at 37 °C followed by five washes. Total SARS-CoV-2 S (RBD, S1, and S)-specific mouse
IgG antibodies were detected using HRP-conjugated anti-mouse (1:10,000) (Theromofisher;
Waltham, MA, USA) for 1 h at RT. The plates were washed and developed using TMB
(2-Component Microwell Peroxidase Substrate Kit), and the reaction was stopped using
1N phosphoric acid solution. Plates were read at 450 nm wavelength within 20 min using
a plate reader (Molecular Devices, San Jose, CA, USA). Absorbance at 620 nm wavelength
was also measured to remove background reading. Antibody titers were defined as the
reciprocal serum dilution that yielded half-maximal absorbance values.

2.6. Enzyme Linked Immunospot Assay (ELISPOT)

Mouse IFN-y precoated ELISPOT kit (DAKEWEI, Inc., Shenzhen, China, Cat#: 2210001),
Mouse IL-4 precoated ELISPOT kit (DAKEWEI, Inc., Cat#: 2210401), Mouse IL-2 ELISpot
kit (Mabtech, Inc., Nacka Strand, Sweden, Cat#: 2210401), and Mouse IL-5 ELISpot kit
(Mabtech, Inc., Cat#: 2210401) were used in this study. The performances accorded with
the manufacturer’s instructions. Briefly, the precoated plates were washed and activated
before use, splenocytes of immunized mice were harvested and suspended in RPMI 1640,
plated in 96-well plates (2 x 10° cells/well), and cultured with 10 pg/mL of S1-2P and
52-2P recombinant proteins corresponding to the immunogen at 37 °C and 5% CO, for
24 h. The supernatants were discarded, and cells were lysed in ddH,O at 4 °C for 10 min
(for IFN-y and IL-4). After washing, biotinylated antibodies were added into wells and
incubated at 37 °C for an additional 1-2 h. After 6 washes, streptavidin-HRP (1:100)
or streptavidin-ALP (1:1000) was added to the wells. After incubation at 37 °C for 1 h,
substrate solution was added to develop blots at 37 °C for 30 min in the darkness. The
reaction was stopped by extensively washing in tap water, and wells were air-dried. The
plates were inspected and counted using an ELISPOT Reader (Bio Reader 4000 Pro-X,
Bio-Sys GmbH, Karben, Germany).

2.7. SARS-CoV-2 Neutralization Assay

Neutralizing antibody activities induced by vaccines were titrated based on the in-
hibition of cytopathogenic effect (CPE). Briefly, 100 pL Vero E6 cells (5 x 10* cells/mL)
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were placed in the wells of 96 cell plates and cultured for 24 h. An equal volume of serially
diluted serum and 100 TCID50 SARS-CoV-2 was mixed and incubated for one hour at 37 °C.
Then, the culture medium was discarded, and the mixture of serum and virus was added to
Vero cells, followed by incubation at 37 °C for 4 days. CPE was recorded to determine the
antibody-neutralizing titer, and the above mixture was added to each well. Subsequently,
the cells were cultured for 5 days. An observable CPE was recorded as “+”, and no CPE was
recorded as “—". All these experiments were conducted in a biosafety level 3 laboratory at
the Institute of Medical Biology, Chinese Academy of Medical Sciences (IMBCAMS).

2.8. Statistical Analysis

All values were presented as mean + SD. The statistical significance among differ-
ent vaccination groups was compared using one-way ANOVA or t-test using GraphPad
Prism 9 software (GraphPad Software Inc., San Diego, CA, USA). Values of p < 0.05 were
considered significant.

3. Results
3.1. SARS CoV-2 Spike Expression and Purification

For efficient expression of the ectodomain of SARS CoV-2 spike protein and stabi-
lization of its trimer configuration, the expression plasmid was constructed with residues
16-1208 with tPA signal peptide at N terminal and a T4 foldon and 6 x His sequence at
C terminal (Figure 1a). The designed S1-2P (derived from B.1.351) and S2-2P (derived
from B.1.681) spike plasmids were transiently expressed in CHO-S cells. Five days after
transfection, the supernatant was collected, and proteins were purified by His affinity
purification and concentrated in PBS solution by ultrafiltration. The production was scaled
up from 200-mL shake flasks to 1200-mL shake flasks, and S1-2P and S2-2P yield at about
15 mg/L and 13 mg/L, respectively, in CHO cells. The purified S proteins were detected
with HRP-conjugated anti-6 x His antibody by Western blot (Figure 1b), indicating the spe-
cific antigenicity. An obvious band with a molecular mass of about 180 kDa was observed
by reducing SDS-PAGE (Figure 1c). We also evaluated the molecular mass and purity by
Native-PAGE. The two T4 foldon expression cassettes correctly produced proteins at the
predicted trimer protein molecular weights, higher than 310 kDa (Figure 1d), indicating
that the purified S proteins probably showed a classic trimer protein produced by T4 foldon.
Meanwhile, reduced and Native-PAGE of the S proteins both achieved good purity.

3.2. Immunogenicity of S Trimer in Mice

To evaluate the immunogenicity of S trimer S1-2P and S2-2P, BABL /¢ mice were im-
munized intramuscularly with S1-2P or 52-2P or the combination of S1-2P and S2-2P, either
adjuvanted with alum or squalene-based oil-in-water emulsion adjuvant AddaVax. Two in-
jections at a dose of 10 ug were given at an interval of 3 weeks. Blood samples were collected
at D35 for antibody detection (Figure 2a). Total IgG antibody titers against the immune
antigen S1-2P and S2-2P were determined by ELISA using HRP-conjugated goat anti-mouse
IgG antibody. Immunization with S1-2P or S2-2P induced efficient antibody responses
against S1-2P and S2-2P, with ECsj binding titer reaching 1 x 10* (Figure 2b,c). Groups
adjuvanted using alum elicited significantly higher antibody titers than the AddaVax-
adjuvanted group. In the AddaVax-adjuvanted group, S1-2P induced better S1-2P-specific
antibody response than 52-2P or S51-2P plus S2-2P. In the alum adjuvant group, the group
of 51-2P and S2-2P elicited the highest antibody responses, followed by S1-2P and S2-2P.
Furthermore, we compared the RBD-specific antibody of the vaccine groups. Similar to the
S-specific antibody, the RBD-specific antibody titers were higher in the alum adjuvanted
group than AddaVax adjuvanted group. AddaVax-adjuvanted S1-2P elicited higher anti-
body titer against Beta RBD and E484K RBD than S2-2P or a mixture of S1-2P and S2-2P
(p < 0.05) (Figure 2d,e). Alum-adjuvanted S1-2P elicited the highest Beta RBD antibody titer
(p < 0.05), whereas alum-adjuvanted bivalent vaccine elicited the highest E484K antibody
titer (p < 0.05). Overall, the trimer protein S1-2P or S2-2P showed good immunogenic-
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ity, and for the S trimer protein vaccine, alum adjuvant was more efficient in inducing
SARS-CoV-2 specific antibody response than AddVax.
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Figure 1. Design, expression, and purification of S-trimer. (a) Schematic representations of expression
plasmids of SARS-CoV-2 spike protein S1-2P derived from B.1.351 and S2-2P derived from B.1.618.
(b) WB analysis of purified S protein, HRP-conjugated anti-6x His antibody used as detection
antibody. (c) Reducing SDS-PAGE analysis with Coomassie Blue staining of purified S protein.
(d) Native-PAGE analysis with Coomassie Blue staining of purified S protein.
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Figure 2. Humoral responses of immunized mice at 10 ug dose. (a) Schematic of mouse vaccination.
S1-2P-specific IgG titer (b), S2-2P-specific IgG titer (c), E484K RBD-specific antibody titer (d), and Beta
RBD-specific antibody titer (e) of immunized BALB/c mice were determined by ELISA. The dots of
different colors represented mouse serum of different immune groups. The data were represented as
the reciprocal of the serum dilution that led to a half-maximal binding signal. Statistical significance
was determined using one-way ANOVA or t-test and is indicated as * for p < 0.05.
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3.3. Dose Response of the S Trimer Subunit Vaccine and the Cross-Binding Activity

To explore the dose response of the S trimer subunit vaccine, 5 pug, 10 ug, and 20 pg
of the S trimer monovalent vaccine were used, while 2.5 ug, 5 ug and 10 ug for each
antigen were mixed for the bivalent vaccine. Two injections at the designed doses were
given in 3-week intervals with alum, as alum was proven more efficient than Addvax.
Blood samples were taken at week 5. As a third dose of immunization was administered
to improve protective antibody responses in humans, another boost immunization was
given in mice at the same dose of each group at week 9, and serum was collected at
week 11 (Figure 3a). Total IgG antibody titers against the immune antigens S1-2P and
52-2P were determined by ELISA. A low dose (5 nug) of the S trimer subunit vaccine
elicited an efficient antibody response against S1-2P or S2-2P at EC50 titers higher than
10* (Figure 3b,c). The antibody level against S1-2P of 10 pg S1-2P was similar to that of
20 pg S1-2P (EC50 titers > 3 x 10*). Immunization with S2-2P also induced S1-2P-targeting
antibody, and 10 pg S2-2P or a mixture of 5 pg S1-2P and S2-2P showed the highest S1-
2P-binding antibody titers among groups at different doses. Similarly, cross-binding of
52-2P-targeting antibody was also observed in S1-2P immunized groups, and 10 ug S1-2P
or bivalent vaccine group with 5 pg S1-2P and S2-2P showed the highest cross-binding
titers. Thus, 10 pg of the protein seems to be a good immune dose for the S trimer subunit
vaccine (either monovalent or bivalent). The cross-binding activity of antibody response
against other S antigens and RBD proteins was further studied. The results showed that
antibodies induced by the S trimer subunit vaccine have high antigenic binding ability
to a wide spectrum of mutant S or RBD proteins. High titers of S1-D614G antibody were
observed in S1-2P immunized group, either alone or in combination with 52-2P, with the
highest antibody titer showed in the 20 pg S1-2P immunized group (EC50 titers > 1 x 10%)
(Figure 3c). The 20 pug S1-2P immunized group also showed high titers of N501Y RBD-,
Delta RBD-, Beta RBD, and Gamma RBD-targeting antibodies (Figure 3d-h). By contrast,
the cross-binding antibody titers in groups immunized with S52-2P alone were lower than
that in the S1-2P group at the same dose. Meanwhile, 2.5 pug S1-2P and 2.5 ug S2-2P
led to the highest RBD cross-activity antibody in the bivalent group. The antibody titers
against N501Y RBD, Delta RBD, and Gamma RBD were higher than that of the 20 ug S1-2P
immunized group.

After the third immunization, cross-binding antibody titers to different S or RBD
proteins increased by 1.1 to 40.6 times, and the significant increasements (>5-fold) in
N501Y RBD-, Beta RBD-, and Delta RBD-binding antibody titers were detected among
all the groups (Figure 4a). Notably, in addition to S1-2P-, S2-2P-, and S1-D614G-binding
antibodies, high tiers of Omicron S trimer-targeting antibodies were detected in all
groups (ECsg > 1 X 10%), and 5 ug S1-2P immunization elicited the highest antibody
titer (ECsp > 4 x 10%). As for cross-binding antibody titers to different RBD proteins, the
20 pg S2-2P group induced significantly higher E484K RBD binding titer than that of the
10 pg dose group (p < 0.05), while the differences in antibody titers to other RBD proteins
within a group or between different immune groups were not significant. Especially,
the RBD-specific antibody titers elicited by the 2.5 pg S1-2P and 2.5 ug S2-2P bivalent
vaccine groups were not inferior to other groups, indicating a low dose could work for
a boost immunization.
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Figure 3. Cross-binding antibodies in the serum of vaccinated mice at different immunization doses.
(a) Schematic of mouse vaccination. S1-2P-specific IgG titer (b), S2-2P-specific IgG titer (c), S1-
D614G -specific IgG titer (d), E484K RBD-specific antibody titer (e), N501Y RBD-specific antibody
titer (f), Beta RBD-specific antibody titer (g), Delta RBD-specific antibody titer (h), and Gamma
RBD-specific antibody titer (i) of immunized BALB/c mice were determined by ELISA. The dots of
different colors represented mouse serum of different immune groups. The data were represented as
the reciprocal of the serum dilution that led to a half-maximal binding signal. Statistical significance
was determined using one-way ANOVA or t-test and is indicated as * for p < 0.05.
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Figure 4. Elevated cross-binding antibody responses after the third immunization. (a) The increased
fold of serum antibody titer after the third immunization compared with that after the second
immunization. S1-2P-specific IgG titer (b), S2-2P-specific IgG titer (c), S1-D614G -specific IgG titer
(d), Omicron S trimer-specific IgG titer (e), E484K RBD-specific antibody titer (f), N501Y RBD-specific
antibody titer (g), Beta RBD-specific antibody titer (h), Delta RBD-specific antibody titer (i), and
Gamma RBD-specific antibody titer (j) of immunized BALB/c mice were determined by ELISA.
The dots of different colors represented mouse serum of different immune groups. The data were
represented as the reciprocal of the serum dilution that led to a half-maximal binding signal. Statistical
significance was determined using one-way ANOVA or t-test and is indicated as * for p < 0.05.
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3.4. Cross-Neutralizing Antibody Responses to SARS-CoV-2 Variants

The neutralizing activity against prototype, Beta, Delta, and Omicron variants of the
immunized mice sera was then evaluated using a CPE assay. For groups immunized with
S1-2P or S2-2P alone, the 20 ug group induced the highest neutralizing antibody titer
against all four tested SARS-CoV-2 variants (Figure 5). For bivalent vaccine groups, a low
dose (2.5 ug) could elicit neutralizing antibodies with titers higher than 128 (ranging from
128 to 1024). The bivalent vaccine containing S1-2P plus S52-2P at 2.5 ug elicited significantly
higher neutralizing antibody titer than the 5 ng monovalent S2-2P vaccine (p < 0.05) against
the Beta variant (Figure 5b) and significantly higher Delta variant-neutralizing antibody
titer than monovalent vaccine formulated with 5 ng S1-2P (p < 0.05), 10 ug S1-2P (p < 0.01),
5 ng S2-2P (p < 0.01) and 10 ug S2-2P (p < 0.05) (Figure 5¢), and also a significantly higher
Omicron BA.1 variant-neutralizing antibody titer than other monovalent vaccine groups
(Figure 5d). Especially, the neutralizing antibody titers against the prototype were not
higher than the Beta variant and Delta variant, and the Omicron variant was the most
difficult to be neutralized. Overall, either a high dose (20 ng) of monovalent S1-2P or S2-2P
subunit vaccine or a low dose of bivalent vaccine S1-2P and S2-2P (2.5 pg for each) could
induce a strong cross-neutralizing antibody response in mice.
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Figure 5. Analysis of neutralizing antibodies in the serum of vaccinated mice. Neutralization titers
of vaccinated mouse sera against SARS-CoV-2 prototype (a), Beta variant (b), Delta variant (c), and
Omicron variant (d). Live SARS-CoV-2 virus neutralization was accessed in sera of vaccinated mice
collected two weeks after the third immunization. The dots of different colors represented mouse
serum of different immune groups. The data were represented as the reciprocal of the serum dilution
that protected Vero-E6 cells from CPE compared with no serum control. Statistically significant
differences were compared using one-way ANOVA or t-test and are indicated as * for p < 0.05 and
** for p < 0.01.
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3.5. SARS-CoV-2 S-Specific Cellular Immune Responses

To evaluate antigen-specific cell-mediated immunity (CMI) of the recombinant S trimer,
splenocytes from the immunized mice were separated 14 days after the third vaccination,
followed by stimulation with S trimer antigens and detection of Thl (IL-2 and IFN-vy)
and Th2 (IL-4 and IL-5) CMI with an ELISPOT assay. As shown in Figure 6, all three S
trimer vaccine groups elicited robust T-cell responses against the antigen proteins (S1-2P
and 52-2P), especially IL-2 responses. A Thl-biased cell-mediated immune response was
observed in most groups, except that the bivalent vaccine with 10 pug S1-2P and 10 ng S2-2P
induced a stronger IL-4 response than other groups, and 5 ug S1-2P> monovalent vaccine
induced a significant stronger IL-5 response than 20 ug S1-2P (p < 0.05). CMI appeared
to be independent of the dose of S trimer used for vaccination. The bivalent vaccine with
a low dose of 2.5 ug S1-2P and 2.5 pug S2-2P could elicit robust cellular immune responses.
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Figure 6. Spike-specific cellular immune responses. IL-2 (a), IFN-y (b), I-4 (c), and IL-5 (d) T cell
responses of splenocytes from each mouse were shown as mean + SEM for each animal. The dots
of different colors represented mouse serum of different immune groups. Statistically significant
differences were compared using one-way ANOVA or t-test and are indicated as * for p < 0.05.

4. Discussion

Different types of COVID-19 vaccines developed from the prototype SARS-CoV-2 have
been approved or authorized for emergency use in humans. These vaccines provide efficient
protection from severe infections; however, the newly emerged SARS-CoV-2 variants carry
multiple mutations in key epitopes that can escape neutralizing responses elicited by
prototype SARS-CoV-2 vaccines [20]. Thus, variants-based second-generation vaccines,
either in monovalent or multivalent form that elicit broadly protective efficacy, should be
developed to overcome the threat caused by the neutralizing escape of emerging variants.

Among the multiple SARS-CoV-2 variants reported, the Beta variant (B.1.351) attracted
much attention for reducing vaccine efficacy and escaping from the neutralization of
antibodies in convalescent and vaccinator sera [19,30,31]. The Beta spike protein contained
mutations on NTD and 3 typical mutations on RBD (K417N, E484K, and N501Y) that
conferred higher affinity to ACE2 and neutralizing escape [32,33]. In this study, we first
developed a monovalent vaccine with Beta spike trimer protein S1-2P adjuvanted with
alum. We proved the vaccine-induced broad cross-binding antibody responses and cross-
neutralizing activity to Beta, Delta, and Omicron variants. To enhance the cross-protection
from other existing and future emerging variants, a spike trimer derived from B.1.618,
which carries mutations of substitutions and deletions on NTD and E484K mutation on
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RBD, was also designed an S2-2P subunit vaccine and further formulated a bivalent vaccine
with Beta spike trimer (S1-2P + 52-2P). As expected, the bivalent vaccine containing 2.5 ug
51-2P and S2-2P elicited a strong cross-neutralizing antibody response against Beta, Delta,
and Omicron variants in mice, which was much higher than that induced by the monovalent
vaccines, indicating the advantage of the bivalent vaccine in eliciting neutralizing antibody
responses. In addition, at the same antigen dose, S1-2P induced higher titers of broadly
neutralizing antibodies against prototype, Beta, Delta, and Omicron variants than that
induced by S2-2P, indicating better immunogenicity of S1-2P. For both the monovalent
and bivalent vaccine groups, the highest neutralizing titer against Beta and Delta variants
reached 1024, which indicated a good potency for protection against Beta and Delta variants
infection. It is not surprising that neutralizing titers against Omicron were low since
Omicron was still the most difficult to neutralize among all the variants, and antibody
evasion characters of the Omicron variant have been reported by recent studies [34-36].
However, the bivalent vaccine at 2.5 pug dose neutralized Omicron with an average titer of
512, indicating the potential to induce immune protection against Omicron.

In this study, cross-binding antibody titers against S1-2P, S2-2P, S1-D614G protein,
Omicron S trimer, and RBD proteins, including E484K, N501Y, Beta RBD, Gamma RBD,
and Delta RBD in the immunized sera, were detected. Either the monovalent or the
bivalent vaccine could potently induce a cross-variant neutralizing antibody response.
Similar findings were reported for a bivalent S trimer vaccine SCTV01C that induced broad-
spectrum cross-neutralizing activities against various SARS-CoV-2 variants [37]. Both 51-2P
and S2-2P carry E484K mutation, and a dose-dependent effect was observed for E484K
binding antibody levels in the monovalent S1-2P and monovalent S2-2P vaccine group after
the second immunization. S1-2P vaccine-immunized group exhibited good cross-binding
activity to the gamma RBD that might attribute to the similar mutation patterns of RBD
with that of the Beta variant (K417N, E484K, N501Y) and Gamma variant (K417T, E484K,
N501Y) [21]. Notably, the bivalent vaccine at 2.5 pg dose elicited significantly higher
antibody responses towards N501Y RBD, Delta RBD, and Gamma RBD than other groups.
The antibody responses were elevated after a second boost of the subunit vaccine in mice,
as reported in [37]. Still, the dose effect observed in the study after the third immunization
was not that obvious. One explanation could be the full activation of immune responses
among groups after the third immunization that decreased the differences in antibody
titers. Therefore, a low dose of S trimer protein could be adopted for boost immunization.

In the immune response to defeat viral infection, other than humoral immunity,
cellular immunity plays an important role in destroying infected cells and controlling the
viral load in the body. With the continued emergence of new SARS-CoV-2 strains, it is
urgently necessary to develop a universal vaccine that can induce both strong cellular and
humoral immunity. It has been shown in a previous study [38] that the recombinant spike
S trimer can induce Thl-biased protective immunity at a low dose. Immunizing S trimer
with AS03 or CpG 1018 plus alum adjuvants induced Thl-biased CMI and high levels of
neutralizing antibodies in animal models [26]. In this study, spleencytes isolated from S
trimer immunized mice showed an increased production of IFN-y, IL-2, IL-4, and IL-5 after
stimulation, and the ratio of IFN-y/IL-4 (higher than 1.0) indicated a Th1-biased cellular
immunity. Moreover, the bivalent vaccine significantly improved the CMI responses at
a low dose of 2.5 pug, which elicited a stronger Th1 immune response than the monovalent
vaccine (p < 0.05). These data suggested that the S trimer vaccines, especially the bivalent
vaccine with alum adjuvant, can induce not only efficient humoral responses but also
cellular immune responses in mice.

However, our current study has potential limitations. Firstly, adjuvants of different
components could enhance the immune response to varying degrees through different
mechanisms. In this study, the adjuvant used for the vaccine was restricted to two kinds
(alum and an MF59-like adjuvant AddaVax). Our study showed that alum adjuvant
induced better antibody responses than AddaVax, but other adjuvants, such as AS03 or
CpG 1018, that might greatly enhance the immune responses, should also be considered in
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future studies [39]. Secondly, the lowest dose used in the study was 2.5 ug. Whether a lower
dose (less than 2.5 ng) is also potent in eliciting broad-neutralizing antibody responses
should be studied to optimize the dose of the vaccine.

In conclusion, our study demonstrated that SARS-CoV-2 S trimer strain-derived recom-
binant protein vaccines (monovalent or bivalent at a low dose) could not only induce robust
cellular and humoral immune responses but also potently induce cross-variant neutralizing
antibodies responses. These findings provide valuable information for developing variant-
based monovalent or multivalent recombinant protein subunit SARS-CoV-2 vaccines.
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