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against SARS-CoV-2 variants
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ABSTRACT

COVID-19 pandemic caused by SARS-CoV-2 infection has an impact on global public health and social
economy. The emerging immune escape of SARS-CoV-2 variants pose great challenges to the development
of vaccines based on original strains. The development of second-generation COVID-19 vaccines to induce
immune responses with broad-spectrum protective effects is a matter of great urgency. Here, a prefusion-
stabilized spike (S) trimer protein based on B.1.351 variant was expressed and prepared with CpG7909/
aluminum hydroxide dual adjuvant to investigate the immunogenicity in mice. The results showed that the
candidate vaccine could induce a significant receptor binding domain-specific antibody response and
a substantial interferon-y-mediated immune response. Furthermore, the candidate vaccine also elicited robust
cross-neutralization against the pseudoviruses of the original strain, Beta variant, Delta variant and Omicron
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variant. The vaccine strategy of S-trimer protein formulated with CpG7909/aluminum hydroxide dual adjuvant
may be considered a means to increase vaccine effectiveness against future variants.

Introduction

More than 3 y into the COVID-19 pandemic, the world has
recorded more than 656 million confirmed cases and more than
6.6 million deaths (https://www.who.int/publications/m/item/
weekly-epidemiological-update-on-covid-19—4-january-2023),
which brought great challenges to the control of the epidemic.
Nowadays, COVID-19 vaccines including whole-
inactivated virus vaccines, adenovirus-vector vaccines,
mRNA vaccines and recombinant subunit protein vaccines
were approved for use. With the continuous mutations and
evolutions of the viruses, five predominant SARS-CoV-2 var-
iants have been identified, which are Alpha (B.1. 1.7), Beta
(B.1.351), Gamma (P.1), Delta (B.1. 617.2) and Omicron (B.1.
1.529). The mutation sites of these variants are mainly in the
receptor-binding domain (RBD) and N-terminal domain
(NTD), resulting in more efficient entry of the virus into the
host cell, increasing infectivity, and even evading immunity."?
More than 176 vaccines in clinical trials and 199 vaccines in
preclinical researches have been reported in January 2023
(https://www.who.int/publications/m/item/draft-landscape-of
-covid-19-candidate-vaccines). Clinical studies observed that
the cross-neutralization against the Omicron variant which
induced by BNT162b2 and mRNA-1273 vaccines decreased
by 30-fold after the second immunization, suggesting that the
third dose of booster immunization was needed to provide
neutralizing antibody response against Omicron variant.>*
Moreover, the neutralizing antibody titers against Omicron
in the serum of vaccinators or convalescent serum who
infected with Alpha, Beta, Gamma or Delta SARS-CoV-2
variants decreased significantly, or even without

neutralization.” Therefore, it is necessary to update or develop
a second-generation vaccine to prevent the infection and
spread of various SARS-CoV-2 variants.

SARS-CoV-2 invades into cells by engaging angiotensin-
converting enzyme 2 (ACE2) on host cell surface with the viral
spike glycoprotein (Spike, S),” which is one of the predominant
antigen targets for recombinant protein vaccines. Currently,
most of the approved vaccines are based on prototype
S protein of SARS-CoV-2. NVX-CoV2373, the leading recom-
binant protein vaccine based on prototype S protein, revealed
a decreased efficacy from 95.6% to 49.4% against B.1.351
variant, and 59% against Omicron BA.4/BA.5.>" Briefly,
B.1.351 variant as a dominant variant, characterized by three
amino acid mutations in RBD (K417N, E484K, and N501Y)
and a deletion in the NTD, decreased neutralization activity
induced by mnon-B.1.351 SARS-CoV-2 infection or
vaccination.” Recent research found that Beta cross-reactive
antibodies could neutralize not only Beta but also the original,
Delta and Omicron variants.'® Moreover, mRNA vaccine
based on Beta-Furin could trigger more broad and potent
immune response to the genetically divergent SARS-CoV-2
variants than the Delta-Furin.'! In particular, some broad-
spectrum cross-neutralizing activities against various SARS-
CoV-2 variants induced by Beta protein were comparable to
those by the bivalent vaccine SCTV01C."* Thus, vaccines
based on the Beta sequence showed promising cross-variant
antibody titers in preclinical studies, which were valuable to be
complemented by further studies of the immune response
against recent and future SARS-CoV-2 variants, even though
more vaccines currently focused on the Omicron variants.'*"?
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Additionally, to increase vaccine efficiency, some recombi-
nant subunit vaccines based on the prefusion form of trimeric
S protein antigen were required for novel adjuvants, such as
Matrix-M,'* AS03,"” CpG and aluminum hydroxide (Al(OH)5)
dual adjuvant system,'®'” etc. The additions of novel adjuvants
in vaccines could induce more comprehensive immune
responses, among which CpG and AI(OH); dual adjuvant vac-
cines could induce a stronger Thl-biased and more balanced
Th1/Th2 cellular immune response, with high levels of neutra-
lizing antibodies against SARS-CoV-2 variants,'® ' which was
showed to be well tolerated and represent an effective strategy
for the development of the second-generation vaccines.

To this end, in this study, S-Trimer protein based on the
B.1.351 viral sequence was constructed and combined with
CpG/Al (OH); dual adjuvant system as a candidate vaccine
to evaluate the immunogenicity. The results elicited that the
vaccine could activate humoral and interferon (IFN)-y-
mediated immune responses, and induce robust cross-
neutralizing antibodies against the pseudoviruses of SARS-
CoV-2 variants including Omicron. The research indicated
that the highly immunogenic candidate vaccine could be
used for sequential immunization or booster vaccine.

Materials and methods
Cells

ExpiCHO cells (Thermo Fisher) and HEK293-ACE2 cells
(Vazyme Biotech Co.,Ltd) were cultured at 8% CO, and 37°C.

Expression and identification of S-Trimer protein

To express the prefusion S protein, a plasmid was constructed
to encode the ectodomain of B.1.351 SARS-CoV-2 S gene
(MN908947.3, residues 12-1208), including the mutation
sites D80A, D215G, 214del, 242del, 243del, K417N, E484K,
N501Y, D614G and A701V. The original signal peptide of
S protein was replaced by human antibody light chain signal
peptide (MDMRVPAQLLGLLLLWLRGARC). The S$1/S2
furin cleavage site 682-RRAR-685 was mutated into 682-
QQAQ-685, with proline substitutions at residues 986 and
987. A C-terminal linker (GSG) and T4 fibritin trimerization
motif (GYIPEAPRDGQAYVRKDGEWVLLSTFL) and His tag
were synthesized and cloned into the mammalian expression
vector pcDNA3.4. The S-Trimer protein was transfected and
expressed by ExpiCHO cells, and then purified by affinity
chromatography. S-Trimer protein was quantized by BCA
(Thermo Fisher Scientific). Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western
Blot were run to check the purity of S-Trimer protein, and
negative staining electron microscopy was performed for the
trimeric conformation of S-Trimer protein.*

Receptor binding affinity of S-Trimer to ACE2

The binding affinity of S-Trimer to ACE2 was assessed by
BIACORE. ACE2-Fc (10 ug/mL) was immobilized on Protein
A biosensors, and S-Trimer antigen was continuously twofold
diluted and then coupled with antibody to obtain real-time

receptor-binding curves. Kinetic parameters (K,, and Kg)
and affinities (Kp) were analyzed by software.

Vaccine immunization

The mice study protocol (No. 2021003) was approved by the
laboratory animal management committee and the laboratory
animal ethics and welfare protection group of the Shanghai
Institute of Biological Products.

Six- to eight-week-old BALB/c female mice (n=5 per
group) were intramuscularly vaccinated twice at D 0 and 21
with S-Trimer protein (1, 3, 10 pg) containing CpG 7909 (10,
150, 200, 300 pg) and AI(OH); (150 ug) adjuvant or non-
adjuvant; control mice were mock-vaccinated (PBS, 50 uL per
dose). Serum samples were collected on D 42 and stored
at -20°C.

Enzyme-linked immunosorbent assay (ELISA)

To examine SARS-CoV-2 RBD-specific antibodies in the mouse
sera, microplate was coated with 0.2 pg/well recombinant RBD
protein (Sino Biological, Inc.) at 4°C overnight and blocked with
5% fetal bovine serum in PBST (0.05% Tween-20 in 1x PBS) for 1
h at 37°C. Serum samples were twofold diluted and applied to
wells for 1h at 37°C, followed by incubation with sheep anti-
mouse IgG-peroxidase antibody for 1 h at 37°C. After incubation
plates were added of 100 pL/well (3,3',5,5'-Tetramethylbenzidine),
following the addition of 2 M H,SO, to stop the reaction.”> The
average value of the nagative group + 2xSD was used to set the
antibody positive cutoff values.

Pseudovirus neutralization assays

The SARS-CoV-2 pseudovirus neutralization assay was con-
ducted as previously described,”* with some modifications.
First, the sample was inactivated at 56°C for 30 min and
serially diluted (threefold), incubated with an equal volume
of 100 TCIDs, pseudovirus (wild-type original strain, B.1.617.2
variant strain, B.1.351 variant strain, B.1.1.529 variant strain)
(Vazyme Biotech Co., Ltd) at 37°C for 1h, along with virus-
alone (positive control) and cell-alone (negative control).
HEK?293-ACE2 cells were added at a density of 30,000 cells/
well. Following 48 h incubation, the cells were lysed and luci-
ferase activity was determined by a Luciferase assay Kkit
(PerkinElmer, 6066769). Neutralizing antibody titer of serum
samples was determined by EC50, defined as the serum dilu-
tion at which the relative light units decreased by 50% com-
pared to virus-alone control wells.

Enzyme-linked immunospot assay (ELISpot)

To detect antigen-specific T-cell responses, IFN-y secreted by
splenocytes was detected by ELISpot kits (Mabtech, 3321-
3PT). Splenocytes from immunized mice were harvested on
D 42 post immunizations. Splenocytes (5 x 10°) were stimu-
lated in vitro with 5 pg/mL of B.1.351 S-Trimer protein for 48
h incubation. Phorbol 12-myristate 13-acetate (PMA) was
added to the positive control wells. Biotinylated detection
antibodies from the ELISpot kits and SA-ALP/SA-HRP were



added, and then 100 uL TMB color solution was added to each
well-produced colored spots after 5-10 min incubation in the
dark. Finally, the IFN-y spot-forming cells were counted using
an automatic ELISpot reader (CTL).®

Statistical analysis

GraphPad Prism 8.0 software was used for statistical analysis,
one-way ANOVA test was used for comparison among multi-
ple groups, and p < .05 was considered statistically significant.

Results

Expression and identification of S-Trimer antigen based
on B.1.351 variant

Spike protein is the initial binding site when SARS-CoV-2
invades host cells through interaction with ACE2, which can
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be as a vaccine immunogen. In this study, B.1.351 S-Trimer
protein antigen based on Beta variant was formed from the
ectodomain of S protein 12-1208 and T4 fibritin trimerization
motif, then expressed by ExpiCHO cell and purified by chro-
matography (Figure 1la). SDS-PAGE analysis displayed
S protein monomer bands under reducing conditions, along
with S protein monomer and trimer bands under non-
reducing conditions, further confirmed by Western Blot ana-
lysis (Figure 1b).

The binding affinity of S-Trimer antigen to ACE2 receptor
using BIACORE was shown to be approximately 4.47 x 10™"°
M (Kp) (Figure 1c), which was about 10-fold higher than that
of B.1.351 S-Trimer protein (5.2 x 10"°M) reported in previous
result,”® indicating that S-Trimer here had better affinity.
Negative staining electron microscopy confirmed that
S-Trimer particles existed predominantly in a metastable, tri-
meric prefusion form (Figure 1d).

S2’ cleavage site
HR1 CH

HR2 T4

FP :
SRLDKVEA

NSPRRARSVA I

v
NSPQQAQSVA

a
SS
Marker 1 2 1 2 Marker
Kda Kda
180
180

130 130
100 100

70

SRLDPPEA

K,=1.39x10° (1/Ms)
* K,=6.21x10* (1/s)
K,=4.47x10° (M)

T 1
700 800

Figure 1. Design and characterization of S-Trimer antigen. (a) Schematic diagram of SARS-CoV-2 S-Trimer antigen protein. SS, signal sequence; NTD, N-terminal
domain; RBD, receptor-binding domain; SD1, subdomain 1; SD2, subdomain 2; HR1, heptad repeat 1; CH, central helix; HR2, heptad repeat 2; T4: T4 fibritin trimerization
motif. The recombinant SARS-CoV-2 spike antigen S-Trimer (pre-fusion S ectodomain with proline at residues 986 and 987 to retain S2 in the pre-fusion conformation,
furin cleavage site replaced by “QQAQ,” and a C-terminal T4 fibritin trimerization motif added). (b) SDS-PAGE (Left) and Western blot (Right) analysis used to identify
S-Trimer protein. The molecular weight standard is expressed as kDa on the left, lane 1 under reducing condition, and lane 2 under non-reducing condition. (c) The
binding affinity (Kp) of S-Trimer to ACE2 measured by BIACORE assay. (d) The structure of S-Trimer observed by transmission electron microscope.
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Humoral immune response induced by S-Trimer

Adjuvants could effectively enhance the immunogenicity of
subunit proteins. To determine the humoral immune response
induced by S-Trimer, mice were immunized twice with differ-
ent doses (1, 3, 10 ug) of S-Trimer antigen formulated with
CpG/AI(OH); dual adjuvant or without adjuvant. Moreover,
the doses of CpG adjuvant were 10, 150, 200 and 300 pg,
respectively, in order to evaluate the best formulation between
antigen and adjuvant. Humoral immunogenicity analysis was
conducted on D 42 blood samples based on ELISA and pseu-
dovirus neutralization titers against the Beta variant.

RBD-specific IgG antibody titers induced by immunized
mice were detected by ELISA. The results showed (Figure 2a)
that all S-Trimer vaccine groups induced high titers of anti-
RBD antibodies, and the antibody titers of antigen combined
with different doses of CpG/AI(OH); dual adjuvant groups
were statistically higher than those of S-Trimer antigen groups
without adjuvant (p <.05). When the dose of CpG adjuvant
was increased to 200 and 300 pg, the antibody titers induced by
different doses of antigen formulated with CpG/Al(OH); was
comparable, which was reach to 1.0 x 10° GMT (geometric
mean titer). Indeed, 10 ug antigen formulated with 300 pg
CpG/Al(OH); induced the highest RBD-specific antibody
titers (2.0 x 10°).

When evaluating the neutralizing antibodies against Beta
variant by pseudovirus neutralization assay, the magnitude
of the response was dose-dependent, as evidenced by the
observation that the addition of CpG/AI(OH); dual adju-
vant to the antigen formulation significantly raised neutra-
lizing antibody titers. The neutralizing antibody titers
induced by 10pg antigen formulated with 300 pug
CpG/Al(OH); adjuvant had the highest titer of 11,313
GMT, which was statistically higher that those induced by
10 pg non-adjuvanted antigen (30) (p <.05). As expected,
the neutralizing antibody titers of non-adjuvanted antigen
were lower and below 30 GMT.

In addition, we noted that the neutralizing antibody titers
induced by 1 pg antigen formulated with 10 ug CpG/Al(OH);
(1257) adjuvant was significantly higher than that induced by
10 pg antigen group (30), which indicated that the addition of
dual adjuvant could save at least 10-fold dose of the antigen,
showing the antigen-sparing effect (Figure 2b).

Therefore, S-Trimer antigen combined with various doses
of CpG/Al(OH); dual adjuvant could induce RBD-specific
antibodies and neutralizing antibodies against Beta variant,
to active humoral immune response.

IFN-y-mediated immune response induced by S-Trimer

Cellular immune responses are essential to facilitate the pro-
duction of antibodies and provide protection. Here, the levels
of IFN-y from splenocytes stimulated with S-Trimer protein
were assessed by ELISpot assay (Figure 3). As expected for
vaccines adjuvanted with CpG/AI(OH); IFN-y secretions
were induced, while the addition of CpG dose to formulation
raised the increased levels of IFN-y. Unexpectedly, when the
dose of CpG adjuvant increased from 200 to 300 ug, the num-
ber of IFN-y spots induced by 3 pg S-Trimer antigen combined

with dual adjuvants are comparable to those of induced by 10
g S-Trimer antigen combined with the same dual adjuvants,
which was reach to 290 GMT, indicating that IFN-y-mediated
immune responses might reach a relative saturation state in
mice.

Notably, S-Trimer antigen with various doses of
CpG/AI(OH); dual adjuvant significantly induced IFN-y-
mediated immune response, indicating that the addition of
adjuvants to the formulation could enhance the immune
response effectively.

Robust cross-neutralizing antibodies induced by S-Trimer

To determine whether the vaccine can cross-reactive to differ-
ent SARS-CoV-2 variants, we further evaluated the best immu-
nogenic candidate vaccine, namely, the pseudoviruses
neutralizing antibody of 10 pg S-Trimer antigen combined
with 300 ug CpG/AI(OH); dual adjuvant against the other
three variants: (1) the original SARS-CoV-2, (2) Delta
(B.1.617.2) SARS-CoV-2 variant and (3) Omicron (B.1.1.529)
SARS-CoV-2 variant.

Sera from mice vaccinated with the CpG/AI(OH); dual-
adjuvanted vaccine candidate maintained the ability to neu-
tralize pseudoviruses (Figure 4). The titers of pseudovirus
neutralizing antibody against Delta variant was equivalent
to that of Beta variant, while the neutralizing antibodies
against original strain were about twofold lower than that of
Beta variant, reaching 5852 GMT, and there was no statistical
difference between the two groups. In addition, we did
observe a 3.7-fold reduction in the GMTs against Omicron
variant, while there was no statistical difference between the
two groups. Although the pseudovirus neutralizing antibo-
dies against the original strain and Omicron variant
decreased, it was still at a high level, and the former was
increased by 1.7-fold compared to human convalescent
plasma (3415).%° The data indicated that S-Trimer antigen
combined with CpG/Al(OH); dual adjuvant vaccine could
offer robust antibodies that completely neutralize pseudo-
viruses of original strain, Beta variant, Delta variant and
Omicron variant.

In summary, S-Trimer vaccine combined with
CpG/Al(OH); dual adjuvant could induce humoral and IFN-
y-mediated immune responses in mice, and also elicit robust
cross-neutralizing antibodies against various SARS-CoV-2
variants, which may be potentially suitable for candidate
vaccines.

Discussion

Currently, several SARS-CoV-2 vaccines have been
approved and proved to be effective in controlling
COVID-19 pandemic, such as whole-inactivated virus vac-
cines, mRNA vaccines, adenovirus-vector vaccines and sub-
unit recombinant vaccines. However, the constant
mutations and immune escapes of SARS-CoV-2 variants,
or the huge gaps in developing countries between the
limited supply of vaccines and the huge population,
demand the increases of the numbers of vaccinations or

the developments of second-generation vaccines.
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Figure 2. Humoral immune response induced by S-Trimer antigen in mice. BALB/c mice (n = 5/group) were immunized with various doses of S-Trimer that was non-

adjuvanted or adjuvanted with CpG 7909 (10, 150, 200, 300 pg) and Al(OH); (150 pg) twice on D 0 and 21. The humoral immune responses on D 42 were analyzed. (a) The

titers of RBD-specific IgG antibody in mice were determined by ELISA, * p < .05, were considered significant when compared to 1 g S group; # p < .05, compared to 3 ug

S group; & p < .05, compared to 10 ug S group. (B) The titers of pseudovirus neutralizing antibody against Beta variant in mice were detected by pseudovirus neutralization

assay, * p < .05, which was statistically different from that of 10 ug S group. The number at the top of each bar represents the geometric mean titer (GMT).

Recombinant subunit vaccines have been proved to well In the current work, we elucidated that the recombinant
tolerated and effective during this current COVID-19 B.1.351 S-Trimer protein combined with CpG 7909/A1(OH);
outbreak. dual adjuvant could induce strong humoral and cellular
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Figure 3. Cellular immune response induced by S-Trimer antigen in mice. BALB/c

mice (n = 5/group) were immunized with various doses of S-Trimer that was non-

adjuvanted or adjuvanted with CpG 7909 (10, 150, 200, 300 pg) and Al(OH); (150 pg) twice on D 0 and 21. The cellular immune responses on D 42 were assessed by
ELISpot. *p < .05 were considered significant when compared to 1 pg S group; #p < .05, compared to 3 pg S group; & p < .05, compared to 10 pg S group. The number

at the top of each bar represents the geometric mean titer (GMT).
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Figure 4. S-Trimer antigen induced robust cross-neutralizing antibodies against
different SARS-CoV-2 variants. The pseudovirus neutralizing antibodies against
the original strain, Beta variant, Delta variant and Omicron variant were detected
in mice immunized with 10 ug S-Trimer antigen combined with 300 g
CpG/AI(OH); dual adjuvant vaccine on D 42. Pseudovirus neutralizing antibody
data of different variants were compared to that of Beta variant. N =5, each dot
represents a single mouse, and the number above each strip represents geo-
metric mean titer (GMT).

Delta Omicron

immune responses in mice, as well as broadly neutralize var-
ious SARS-CoV-2 pseudoviruses including Omicron variant,
indicating strong immunogenicity. Phase II/III clinical trials
showed that the overall effectiveness of two doses of SCB-2019

vaccine (S-Trimer combined with CpG 1018/Alum) was
67.2%, and the effective rate for moderate-to-severe COVID-
19 was 83.7%, which could prevent severe cases 100% and
provide protection against three SARS-CoV-2 variants, includ-
ing Delta 78.7% and Gamma 91.8%. It is believed that the
recombinant protein vaccine combined with CpG1018/Alum
dual adjuvant could significantly provide protection on differ-
ent variants.'®

CpG and AI(OH); dual adjuvant system, as potent vaccine
immune response enhancers, can induce more significant and
lasting neutralizing antibody response. Oligonucleotide of CpG
motif (CpG ODN) is an agonist of TLR9 and a potent vaccine
adjuvant that produces Thl-biased cellular immune
response.””*® CpG 7909 and CpG 1018 belong to B-type CpG
ODN, which activate MyD88, IRAK and TRAF6 signaling path-
ways by binding with endogenous TLR9 of B cells, dendritic cell
or macrophages, induce proinflammatory immune response,
and enhance adaptive immune response by stimulating human
B cells and plasmacytoid dendritic cells.*>** Some studies have
found that the immune persistence of CpG7909-adjuvanted
vaccine might be superior to CpG1018-adjuvanted.’”** The
candidate vaccine in this study focused on CpG7909 adjuvant,
which could induce high level of IgG antibodies and promote
the IFN-vy secretion of Th1-biased cellular immune response.

The emergence of numerous SARS-CoV-2 variants is one of
the most important developments in the COVID-19 pan-
demic. Previous research showed that the prototype S-Trimer
adjuvanted with CpG7909/Alum elicited neutralization titers
against the original strain and cross-neutralizing antibodies



against P.1, B.1.351 and B.1.617 variants.”>>* The modified
B.1.351 S-Trimer formulated with CpG1018/Alum adjuvant
also induced humoral immune responses and widely neutra-
lized the original strain, B.1.1.7, B.1.351 and P.1 variants.>® The
encouraging results of CpG 7909/Al(OH);-adjuvanted
S-Trimer in this study also warranted the neutralization titers
against the original strain, B.1.617 variant, B.1.351 variant and
especially the Omicron (B.1.1.529) variant, with the latter
quickly becoming the most dominant SARS-CoV-2 lineage
worldwide. Importantly, the CpG 7909/A1(OH);-adjuvanted
S-Trimer candidate vaccine based on the B.1.351 variant raised
an apparent higher levels of cross-neutralization against the
Omicron variant dominant globally in 2022. These findings
appear to be consistent with that the infection on Beta
(B.1.351) variant induced specific neutralizing antibodies
against Beta variant and original strain, Delta variant and
Omicron variant,'” and antibodies based on residue N417 of
Beta variant could significantly crossly neutralize Omicron
variant, Beta variant and Delta Plus variant.”> The chimeric
nature of the Beta antigen sequence, which contained the
mutations on RBD (K417N, E484K, N501Y, D614G) and on
NTD, whereas the latter was co-dominant with RBD in vac-
cine-induced neutralizing antibodies,’® might explain that our
modified B.1.351 S-Trimer subunit protein vaccine, could
elicit anti-RBD antibodies targeting K417N and E484K muta-
tions which neutralized B.1.351 and Omicron variants, and
anti-NTD antibodies neutralized the rest of variants. Thus,
the data suggested the modified B.1.351 S-Trimer subunit
protein vaccine may be a broad-spectrum candidate vaccine
for neutralizing various SARS-CoV-2 variants. Nevertheless,
the human ACE2 transgenic mouse model and the live virus-
based neutralization assay for the initial assessment of SARS-
CoV-2 vaccine effectiveness, which may be a major limitation
to the study, remain to be confirmed further.

Encouragingly, we evaluated the potential for “antigen and
adjuvant sparing” dual effects in the current work. The neu-
tralizing antibodies and IFN-y-mediated immune responses
induced by 1 ug S-Trimer combined with CpG/AI(OH); dual
adjuvant were comparable to those induced by 10 pg S-Trimer
antigen, indicating that the addition of adjuvant reduced at
least 10-fold dosage of S-Trimer antigen and achieved antigen-
sparing effect. By further comparison, a dose-dependent effect
on the IFN-y-mediated immune response was found in
a certain adjuvant dose when under the same dose of antigen,
while animals receiving 200 pg CpG-adjuvanted vaccine did
not induce significantly higher immune response compared to
animals receiving 300 ug CpG-adjuvanted doses. This might
illustrate that the immune response induced by 200 pg CpG-
adjuvanted vaccine reached a relative saturation state in mice,
which provided a reference for optimizing the formula on the
antigen and adjuvant. This is consistent with the observations
that of receiving an adjuvanted boost (antigen plus CpG1018/
Al), compared with animals receiving non-adjuvanted boost
(antigen), the former did not induce significantly higher neu-
tralizing antibody titers.”® Moreover, Trimer-Tag platform
could improve the productivity of S-Trimer antigens and the
potential of rapidly scale-up production to billions of doses,*
with the sparing of antigen and adjuvant, vaccines may be able
to be prepared on a large scale, especially for low-income
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countries, which may be used as an additional tool against
the SARS-CoV-2 virus that continues to spread.

Overall, the candidate vaccine here based on B.1.351
S-Trimer combined with CpG7909/Al(OH); dual adjuvant
could elicit humoral and IFN-y-mediated immune responses,
and induce neutralizing antibodies against various SARS-CoV-2
variants, especially Omicron variant. These results warrant the
further evaluation of booster strategy, also provide a reference
for the development of a second-generation COVID-19 vaccine.
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