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SARS-CoV-2 variants have posed significant challenges to the hopes of using ancestral strain-based vaccines to
address the risk of breakthrough infection by variants. We designed and developed a bivalent vaccine based on
SARS-CoV-2 Alpha and Beta variants (named SCTV01C). SCTVO01C antigens were stable at 25 °C for at least 6
months. In the presence of a squalene-based oil-in-water adjuvant SCT-VA02B, SCTV01C showed significant
protection efficacy against antigen-matched Beta variant, with favorable safety profiles in rodents. Notably,
SCTVO01C exhibited cross-neutralization capacity against Omicron subvariants (BA.1, BA.1.1, BA.2, BA.3, and
BA.4/5) in mice, superior to a WT (D614G)-based vaccine, which reinforced our previously published findings
that SCTVO01C exhibited broad-spectrum neutralizing potencies against over a dozen pre-Omicron variants and
the Omicron BA.1 variant. In summary, variant-based multivalent protein vaccine could be a platform approach
to address the challenging issues of emerging variants, vaccine hesitancy and the needs of affordable and thermal
stable vaccines.

Traditional protein-based vaccines have been used for decades in
protection against viral infection (Hansson et al., 2000; Nascimento and

1. Introduction

As of 8 October 2021, fifteen commercial vaccines based on ancestral
strain of SARS-CoV-2, namely first-generation COVID-19 vaccines, have
been approved in multiple countries (Huang et al., 2021). However,
insufficient vaccine manufacturing capacity, unequal distribution of
vaccine supplies (Irwin and Nkengasong, 2021; Wouters et al., 2021;
United Nations, 2021), challenges in vaccine storage and transportation
at ultra-low temperatures due to the lack of thermal stability (Cao and
Gao, 2021; Uddin and Roni, 2021), and vaccine hesitancy caused by
factors such as lack of confidence in vaccine efficacy and new vaccine
technology, as well as concerns about safety issues (Wouters et al., 2021;
Ipsos, 2021; Siu et al., 2022), have limited COVID-19 vaccination in both
developed and developing countries.

Leite, 2012; Pollet et al., 2021). Squalene-based oil-in-water adjuvants,
such as MF59 and AS03, have shown over 20 years of outstanding safety
profiles in both adults and children (Tsai, 2013; Cruz-Valdez et al., 2018;
Kavian et al., 2020; Yoo et al., 2018). The combination of a classical
protein-based vaccine with a squalene-based adjuvant could potentially
generate strong immunogenicity with favorable safety profiles, which
could offer an additional solution to overcome vaccine hesitancy.

On the other hand, even in countries reaching over 80% vaccination
rate, no herd immunity has been confirmed to date. The continuous
emergence of new variants makes the task even more challenging to
reach. Meta-analysis demonstrated that, sera from ancestral strain-
infected or previously vaccinated people showed reduced
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neutralization titers to the Alpha, Beta, Gamma, and Delta variants (1.6-,
8.8-, 3.5-, and 3.9-fold reduction, respectively), when compared with
those to the ancestral virus (Leier et al., 2021). The newly emerged
Omicron variant (B.1.1.529), made up of several subvariants (BA.1,
BA.1.1, BA.2, BA.3, and the most recently emerged BA.4 and BA.5)
(GISAID, 2022; Bai et al., 2021; Desingu et al., 2022; Cao et al., 2022),
sparked another wave of global pandemic due to markedly diminished
efficacy of first-generation vaccines (Dejnirattisai et al., 2022; Lu et al.,
2021; Ikemura et al., 2021).The long-term waning of immunity evoked
by first-generation vaccines, as well as reduced recognition of
SARS-CoV-2 variant strains by antibodies induced by vaccines based on
ancestral strain, both played roles in decreased neutralizing activities
and protection efficacy against emerging variants.

Proof-of-concept studies indicated that immunogens based on het-
erologous domains from different Sarbecoviruses (Martinez et al., 2021)
or conserved T cell epitopes (Nathan et al., 2021) can benefit the design
of universal Sarbecovirus vaccines with the capacity to elicit broad B cell
or T cell responses against Sarbecoviruses. Despite some recent pro-
gresses, the development of a universal SARS-CoV-2 vaccine might meet
with various challenges and could be time-consuming to gain approval.
Alternatively, multivalent vaccines could be a quick solution to
compensate the limited cross-neutralizing activities elicited by mono-
valent vaccines (Wang et al., 2022), since diverse coverage on the key
mutation sites could be offered by the combination of antigens based on
different variants (Reed et al., 2021; Chalkias et al., 2022; Kalnin et al.,
2022).

In the present study, we designed and developed a thermostable
bivalent recombinant protein vaccine SCTVO1C, based on the extracel-
lular domain of spike protein (S-ECD) of SARS-CoV-2 variants Alpha and
Beta. Multiple Phase II clinical trials are on-going to further evaluate its
safety and immunogenicity in human (NCT05148091, NCT05043311,
NCT05043285). Interim analysis indicated that two doses of SCTV01C
in naive population induced superb neutralizing antibody titers against
various variants including Omicron, while adverse event rates were
similar to those induced by inactivated vaccines, and hence SCTV01C
could potentially become the first vaccine to show cross-protective ef-
ficacy against Omicron with only two doses of immunization (manu-
script in preparation).

2. Materials and methods
2.1. Vaccine antigen production

The extracellular domain of SARS-CoV-2 spike proteins were fused to
a T4 Foldon to stabilize the conformation of the trimeric protein (Meier
et al., 2004). Antigens were produced as previously described (Wang
et al., 2022).

2.2. Transmission electron microscopy (TEM)

Electron microscopy was performed with a Hitachi JEM1200 elec-
tron microscope at 200 kV (JEM1200, JEOL, Japan). SCTV01C antigens
were diluted to 0.3 mg/mL in formulation buffer. Samples were loaded
to the copper net and stained with uranyl acetate for 90 s. Images were
acquired under the transmission electron microscope.

2.3. Kinetics of SCTVOIC antigen binding to human angiotensin
converting enzyme-2 (ACE-2)

Binding kinetics of SCTV01C antigen to human ACE2 receptor were
determined on OCTET RED96e (ForteBio). hACE2-Fc (10 pg/mL)
(10108-HO2H, Sino Biological) was immobilized on ProA Sensor. After
baseline, SCTVO1C antigens were serially diluted over a range of
37.0-296.3 nM (associate for 300 s, and dissociation for 300 s). Data
analysis were carried out with Data Analysis 11.1.
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2.4. SEC-HPLC and reduced SDS-PAGE

The purity of SCTV01C antigens was analyzed by Size-Exclusion
high-performance liquid chromatograph (SEC-HPLC). Agilent 1260 In-
finity HPLC and TSK gel G3000 SWxL column (7.8 x 300 mm, 5 pm)
were used with a column temperature of 25 °C. As the mobile phase, SEC
buffer (200 mM disodium hydrogen phosphate, 100 mM arginine, 1%
isopropanol, pH 6.5) was used with ultraviolet detection at OD280 nm
(flow rate: 0.15 ml/min).

The sizes and purities of SCTV01C antigens were further verified by
reduced SDS-PAGE. Samples were prepared by mixing 5 pg of SCTV01C
antigens (S-ECD of B.1.1.7 or B.1.351) with loading buffer, and incu-
bated in 70 °C for 10 min. Samples were further analyzed on a 7.5%
NuPAGE® gel (Thermo Fisher) under reducing conditions.

2.5. Thermal stability measurement

Differential Scanning Fluorimetry (DSF, UNCLE-0330, Unchained
Labs, Pleasanton, CA) was used for assessment of the melting tempera-
ture (Ty) and aggregation temperature (Tagg) of SCTVO1C antigen.
SCTVO01C solution (9 pL) was heated from 25 °C to 95 °C (0.3 °C/min).
The barycentric mean (BCM) curve was generated through measure-
ment of temperature-dependent intrinsic fluorescence spectra. Intrinsic
Protein Fluorescence (IPF) (excitation: 266 nm, emission: 280-450 nm)
was monitored for measurement of Tm. The aggregation curve was
generated through measurement of temperature-dependent intensity of
static light scattering (SLS) (excitation: 266 nm). Static Light Scattering
(SLS) at 473 nm was monitored for measurement of T,g. Real-time
stability of SCTVO1C antigens at 25°C was evaluated by SEC-HPLC,
relative antigen-specific IgG titer and relative pseudovirus neutralizing
activities.

2.6. Vaccine immunization and immunogenicity assessment

All experimental procedures of animal studies were approved by the
Committee of Laboratory Animal Welfare and Ethics of the National
Institutes for Food and Drug Control [No. 2020(B)011]. Balb/c mice
(female, 6-8 weeks old), C57BL/6 mice (female, 6-8 weeks old) and SD
rats (200-220g, female) were provided by Beijing Vital River Laboratory
Animal Technology Co (Beijing, China). C57BL/6 hACE2 transgenic
mice (female, 6-8 weeks old) were provided by National Institutes for
Food and Drug Control. Animals were intramuscularly immunized. Dose
levels and schedules of immunization are indicated in figure legends for
each experiment. Neutralizing antibody titers (NTs) against antigen-
matched pseudoviruses (PSVs) and antigen-specific IgG titers were
analyzed as previously described (Wang et al., 2022) at indicated time
points. Based on our previous study focused on cross-neutralizing ca-
pacity of SCTVO1C against pre-Omicron variants and Omicron BA.1
(Wang et al., 2022), neutralizing potency of vaccinated mouse sera were
further subjected to assessment of cross-neutralizing activities against
Omicron subvariants BA.1, BA.1.1, BA.2, BA.3, and BA.4/5. Mutation
sites in S-ECD of pseudoviruses based on SARS-CoV-2 variant strains are
shown in Table S1 (Supplementary Table S1).

2.7. SARS-CoV-2 challenge in mice

Mouse SARS-CoV-2 challenge studies, performed in biosafety level 3
(BSL-3) facilities were conducted at Chinese Academy of Military and
Medical Sciences. Sera were collected on Day 28 for antibody detection.
Two weeks after the second shot, animals were intranasally inoculated
with either 4 x 10° pfu/mL of Wuhan-Hu-1 strain (30 pL/dose) (Genome
number: GWHACBB01000000) or 4 x 10° pfu/mL B.1.351 strain (30
pL/dose) (CSTR: 16698.06. NPRC2.062100001). Lung tissues were
collected 5 days post virus infection. Total RNA was extracted, followed
by measurement of SARS-CoV-2 subgenomic RNA (sgRNA) loads and
genomic RNA (gRNA) loads in lung tissues by RT-qPCR (Takara), with
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primers and probes listed in Table S2 (Supplementary Table S2).

2.8. Histopathological analysis

Mice were euthanized at 5 dpi. Lung tissues were fixed with 4%
paraformldehyde (Sigma-Aldrich, St. Louis, MO), followed by paraffin
embedding, and sectioned into 5-pm slices. Three sections from each
animal were used for hematoxylin and eosin (H&E) staining, and sub-
jected to histological examination with KF-PRO-120 Digital Pathology
Slide Scanner (KFBIO) in a blinded fashion. Sections were scored for
degeneration of alveolar septum thickening, infiltration of inflammatory
cells, alveolar exudation, as well as intra-alveolar hemorrhage with a
severity scale of 0-4, as previously reported (Sun et al., 2020).

2.9. Statistical analysis

GraphPad Prism 8.2.1 software was used for statistical analysis.
Comparison of the means between groups was carried out using

a b
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Student’s t-test or one-way ANOVA as indicated in figure legends.
Antibody titers were log transformed for statistical analysis.

3. Results
3.1. Design and characterization of SCTV01C

SCTVO01C is a bivalent vaccine based on trimeric S-ECD (1-1208 aa)
of SARS-CoV-2 variants Alpha and Beta (mixed at a ratio of 1:1) with a
squalene-based oil-in-water adjuvant SCT-VAO2B (Fig. 1a). Reduced
SDS-PAGE analysis confirmed the trimeric Alpha S-ECD and Beta S-ECD
with an apparent molecular weight around 150 kD (Fig. 1b), consistent
with the theoretical value. SEC-HPLC analysis further demonstrated a
purity of 99.2% and 98.2% for trimeric Alpha S-ECD and Beta S-ECD,
respectively (Supplementary Fig. S1a). Binding affinities of SCTV01C
antigens to hACE2 were analyzed by surface plasmon resonance (SPR).
As shown in Fig. 1c, the affinity (Kp) of purified trimeric Alpha S-ECD
and Beta S-ECD to hACE2 was 2.6 nM and 0.68 nM, respectively.
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Fig. 1. Physical and Chemical Characterization of SCTV01C. (a) Schematic diagram of SCTV01C antigens. (b) SDS-PAGE analysis of SCTV01C antigens. (c¢) Binding
affinity of SCTV01C antigens to human ACE2. (d,e) Thermal stability of SCTVO1C antigens analyzed by Differential Scanning Fluorimetry (DSF). (f) Real-time
stability of SCTVO1C antigens at 25 °C evaluated by SEC-HPLC. (g) Balb/c mice (n = 10) were vaccinated with a single dose of SCTVO1C (2 pg/dose for left
panel; five dose levels for right panel: 0.5, 1, 2, 4 and 8 pg/dose). Sera were collected 4 weeks later for detection of relative antigen-specific IgG titer and relative
pseudovirus neutralizing activities. Dashed line represents the value of criterion.
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Transmission electron microscope demonstrated its uniform 12 x 20 nm
pre-fusion trimeric nanoparticles (Supplementary Fig. S1b). Notably,
both antigens displayed an outstanding thermal stability under stressed
conditions. SCTVO1C antigens maintained at a stable state below 63 °C
and only polymerized at a temperature beyond 72 °C (Fig. 1d and e).
Further real-time stability assessment showed good stability of SCTV01C
for at least 6 months at 25 °C (Fig. 1f). In addition, immunization with
SCTVO01C maintained at least 6 months at 25 °C still can induce similar
humoral immune responses (antigen-specific IgG titer) and neutralizing
activities (EDsp) in Balb/c mice compared to reference (Fig. 1g).

3.2. Protection efficacy of SCTVO1C in hACE2 mice

Previous immunogenicity studies in mice have demonstrated that
SCTVO1C elicited potent humoral and cellular immune responses in
mice and showed advantages over monovalent vaccines against various
variant strains of SARS-CoV-2 (Wang et al., 2022). In the present study,
we further evaluate the protective efficacy elicited by SCTV01C vacci-
nation against challenge with antigen-matched SARS-CoV-2 Beta
variant. C57BL/6 hACE2 mice were immunized twice with SCTVO01C, in
comparison with the Beta monovalent vaccine, on Day 0 and Day 21 (n
= 10/group). Antibody detection was carried out on Day 28. Mice were
challenged on Day 35 via intranasal inoculation with 4 x 10°
plaque-forming unit (pfu) of SARS-CoV-2 Beta variant. Mice were
sacrificed 5 days post-infection (dpi), and subjected to lung tissue
collection for viral RNA level determination and histopathological
analysis (Fig. 2a). Neutralizing antibody titers against D614G, B.1.1.7 or
B.1.351 based pseudoviruses were evaluated. The result indicated that
SCTVO1C immune sera exhibited balanced and higher neutralizing
antibody titers (NTsg) against the three variants tested (B.1.351 NT5y =
14547; B.1.1.7 NTsp = 9191; D614G NTs( = 7264) (Fig. 2b). In contrast
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to the bivalent vaccine SCTVO01C, a relatively higher variation (4 to
7-fold) in NTs( against the three variants was observed in monovalent
vaccine (Beta) immune sera (B.1.351 NTsg = 6714; B.1.1.7 NT5q = 861;
D614G NTs0 = 1612) (Fig. 2b). The qRT-PCR results from lung tissues
showed that a sharp and statistically significant reduction in genomic
RNA (gRNA) was observed in SCTVO01C-immunized mice (105'32
copies/g) when compared with vehicle-treated animals (10'%%7
copies/g). Similarly, there was no detectable gRNA in those from
SCTV01C vaccinated mice, however an average of 10852 copies/g gRNA
was detected in the lung tissues from vehicle-treated mice (Fig. 2¢). The
Beta monovalent vaccine also reduced viral loads in lung tissues, as
indicated by gRNA (10%** copies/g) and sgRNA analysis (Fig. 2c). His-
topathological changes in the lung tissues collected at 5 dpi were eval-
uated using hematoxylin and eosin staining. The lung tissues from
vehicle-treated mice exhibited features of interstitial pneumonia, indi-
cated by thickening of the alveolar septum, increased infiltration of in-
flammatory cells, and fluid leakage out of the pulmonary vasculature. In
contrast, vaccination with SCTV01C or the B.1.351 monovalent vaccine
significantly improved the interstitial pneumonia (Fig. 2d).

3.3. Cross-neutralization capacity of SCTV01C against Omicron
subvariants in comparison with ancestral strain-based vaccine in Balb/c
and C57BL/6 mice

The rise of Omicron variant (B.1.1.529 or BA.1), with its subvariants
(BA.1.1, BA.2, BA.3, and BA.4/5), posed a new public health challenge
due to higher transmissibility and severe resistance to first-generation
vaccines (Dejnirattisai et al., 2022; Lu et al., 2021; Ikemura et al.,
2021). As demonstrated by our previous study, SCTV01C exhibited su-
perior cross-neutralization potencies against pre-Omicron variants and
the Omicron BA.1 variant, relative to its corresponding monovalent

a b
PSV Neutralization
6 D7k dax e 2
Beta (6pg) SARS-CoV-2 Dawik awun o_DS
SCTVO01C (6pg) Beta variant 5 : —
=) 5 ° : .
- 3 “ & g4 : - ;*
e Hoss L S : 2 [ ﬁ ‘M E *  Vehicle
=] . g u
Ykems O 21 208 35 :8 Day E-r 3 : ﬁ : *  Beta
@ Detection of antibody response 2 . ‘l: " SCTV01C
Y Autopsy :
1 T 1T 1 T T 1
SN IO
q DR VR IR
c
1291027 107 863 Vehicle Beta SCTVO01C
¥ 10+ %’J
K] L 8-
272 £
S & 8+ xans xmex O G0
< 3 544 532 < §
z = p Z = 6+ srrx xmn
& _ %m” 4 4.27 4.27
4= 4=
I Y & e L
FEL SES
%CJ %Cz

Fig. 2. Immunogenicity analysis and protective efficacy against SARS-CoV-2 Beta infection after immunization with Beta monovalent or SCTV01C vaccine in hACE2
transgenic mice. (a) Scheme of immunizations, sera collection, virus challenge, and tissue processing. (b) Serum neutralizing antibody titers (NTs() against D614G,
B.1.351 and B.1.1.7 pseudovirus were analyzed one week after the second dose. (c) Subgenomic RNA (sgRNA) (right panel) loads and genomic RNA (gRNA) loads
(left panel) in lung tissues of mice were measured by RT-qPCR at 5 dpi. (d) Histopathological analysis of lungs at 5 dpi. Data are shown as GMT=SD. Scale bar: 200
pm. (b) and mean + SEM (c). GMT: geometric mean titer. SD: standard deviation. NTs: neutralizing antibody tilters. One-way ANOVA was used for comparison. *p <

0.05, ****p < 0.0001, ns means not statistically significant.
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vaccines (i.e., B.1.1.7-specifc and B.1.351-specific monovalent vaccines)
(Wang et al., 2022). In the present study, we compared the
cross-neutralizing potencies against more recent Omicron subvariants
by vaccination with SCTVO1C or a D614G-matched vaccine, mimicking
the breadth of cross-neutralization activities elicited by first-generation
vaccines.

Balb/c mice were intramuscularly immunized with either D614G-
matched monovalent vaccine or SCTV01C (1 pg/dose) with a 2-dose
regimen (Fig. 3a). Neutralizing antibody titers (NTs) against pseudovi-
ruses (PSVs) based on Omicron subvariants (BA.1, BA.1.1, BA.2, BA.3,
and BA.4/5) were evaluated. As shown in Fig. 3b, three weeks after the
second immunization, NTso of SCTV0O1C vaccinated sera against BA.1,
BA.1.1, BA.2, and BA.3 reached 10° (NTs9 GMT: 4881 for BA.1; 5357 for
BA.1.1; 3145 for BA.2; and 1988 for BA.3). The D614G vaccine showed
relatively low neutralizing capacity against Omicron BA.1, BA.1.1, BA.2
or BA.3 (NTs9 GMT: 267 for BA.1; 212 for BA.1.1; and 302 for BA.2) and
could hardly induce neutralizing antibody responses against BA.3. Sig-
nificant differences between D614G vaccine and SCTV01C in NTso were
observed (p = 0.0059 for BA.1; p = 0.0016 for BA.1.1, p = 0.0169 for
BA.2; p = 0.0001 for BA.3) (Fig. 3b). The most recent Omicron sub-
variant BA.4, more resistant to vaccines, is causing the present wave of
SARS-CoV-2 infection (Tuekprakhon et al., 2022; Hachmann et al.,
2022; Yamasoba et al., 2022). Regarding neutralizing activities against
Omicron BA.4/5, D614G vaccinated sera elicited nearly no detectable
neutralizing antibodies, while a moderate neutralizing capacity of
SCTVO01C against BA.4/5 was observed (NTso GMT: 417) (Fig. 3b).

The above findings were further validated in C57BL/6 mice,
mimicking individuals with mild to moderate humoral immune re-
sponses after vaccination. Mice were intramuscularly injected with
either D614G-matched monovalent vaccine or SCTV01C (1 pg/dose)
twice with a 2-week interval (Fig. 3c). Mouse sera were collected 2
weeks after the boost immunization for measurement of NTs( against
Omicron subvariants. Neutralizing activities against all tested PSVs in
mouse sera immunized with the D614G vaccine were nearly undetect-
able. Notably, SCTV01C vaccination induced neutralizing antibody re-
sponses against BA.1, BA.1.1, BA.2, BA.3, and BA.4/5 PSVs (Fig. 3d).
Elevated neutralizing potency of SCTVO01C against various Omicron
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subvariants was observed after a third shot, while no further increase in
neutralizing antibody titers was observed in D614G monovalent vaccine
immunized mouse sera (Supplementary Fig. S2).

The immunogenicity of D614G monovalent vaccine or SCTVO1C is
comparable, as indicated by neutralizing antibody responses elicited by
each vaccine against antigen-matched pseudoviruses (Supplementary
Table S3). Overall, the SCTV01C immunization regimen induced more
potent cross-neutralizing antibody responses across all the Omicron
variants tested, when compared with the D614G vaccine mimicking
SARS-CoV-2 ancestral strain-based first-generation vaccines.

In addition, as indicated by exploratory studies based on C57BL/6
mice and Cynomolgus monkeys for comparison of humoral immune
responses elicited by the S-ECD component and the T4 foldon in
SCTVO1C antigens, T4 foldon-specific IgG titers were 1-2 orders of
magnitude lower than the S-ECD-specific IgG titers (Supplementary
Fig. S3).

3.4. Dose-response exploration of SCTVOI1C in SD rats

To explore the dose-response of SCTVO1C antigen, SD rats were
immunized with SCTV01C at 3 different dose levels (20, 40, or 60 pg/
dose) in the presence of SCT-VA02B adjuvant (10 mg/dose) with a 2-
week interval. Two weeks after the second immunization, the antigen-
specific IgG titers reached 10° in all SCT-VAO2B-adjuvanted groups
(GMT = 2048000, 1448155, 6901995 for the B.1.1.7 antigen; 2298802,
2048000, 3250997 for the B.1.351 antigen). Especially, a significantly
elevated IgG titer was observed when 60 pg SCTVO1C antigens were
used. However, in the absence of SCT-VA02B adjuvant, more than 100-
fold decrease in total IgG titers was observed (Fig. 4a). Likewise, the
NTsq against pseudovirus based on B.1.1.7 and B.1.351 reached 10* in
all SCT-VAO2B-adjuvanted groups (B.1.1.7 NTso = 23995, 35502 and
17081; B.1.351 NTso = 33854, 37202 and 18732), with no significant
differences between each group. However, more than 15-fold decrease
in NTso was observed when SCTV01C antigens were used for immuni-
zation without adjuvant (Fig. 4b). These data demonstrated that
SCTVO01C can induce potent humoral immune responses when antigens
were used ranging from 20 pg to 60 pg in the presence of 10 mg SCT-
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Fig. 3. Cross-neutralization capacity of SCTV01C immunized mouse sera against Omicron subvariants. (a) Balb/c mice were intramuscularly injected with D614G
monovalent vaccine or SCTVO1C (1 pg/dose) twice on Day 0 and Day 21 (n = 8/group). (b) 21 days after the second shot, moue sera were used to detect NTs against
Omicron PSVs. (c) C57BL/6 mice were intramuscularly injected with D614G monovalent vaccine or SCTV01C (1 pg/dose) twice with a 2-week interval (n = 8/
group). (d) Two weeks after the second immunization, sera were used to detect NTs against Omicron PsVs. Data are shown as GMT mean + SD. GMT: geometric mean
titer. SD: standard deviation. NTs: neutralizing antibody tilters. Comparisons were performed by One-way ANOVA.
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Fig. 4. Dose-effect relationship of SCTVO1C antigen on humoral immune responses in SD rats. SD rats were injected with saline (Blank), 10 mg SCT-VA02B
(Adjuvant), SCTVO01C antigen (60 pg/dose), or SCTVO1C antigen (20, 40, or 60 pg/dose) with 10 mg SCT-VA02B adjuvant with a 2-week interval (n = 6/group).
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titers (b). Data are shown as GMT=SD. Comparisons were performed by Student’s t-test (unpaired, two tail). **p < 0.001.

VAO02B adjuvant, which could further augment the humoral immune
responses induced by SCTV01C antigen alone.

3.5. Safety evaluation of SCTVO01C in SD rats

A repeat-dose toxicity study of SCTVO1C was carried out in SD rats
(JOINN Laboratories, Beijing, China). Animals were vaccinated with
four doses of SCTVOIC (60 or 180 pg/dose, 2-week interval). All
immunized animals developed a robust immunogenicity. No obvious
systemic toxicity or immunotoxicity was observed when animals were
exposed to SCTVO01C at dose levels up to 180 pg/dose. Two weeks after
the last immunization, peripheral blood samples were subjected to
analysis of blood cell counting, blood biochemistry index, and inflam-
matory cytokines. No abnormal signs were observed on these concerned

items (Fig. 5, a-c).
4. Discussion

In this study, the bivalent SARS-CoV-2 vaccine SCTVO1C elicited
robust neutralizing activities and exhibited excellent protection efficacy
against challenge by antigen-matched SARS-CoV-2 Beta variant in a
mouse model. Notably, SCTVO1C also induced cross-neutralization ac-
tivities against subvariants of the newly emerged Omicron variant, su-
perior to the D614G-matched vaccine, mimicking the breadth of cross-
neutralization activities elicited by first-generation vaccines (Fig. 3).
Recently, Chalkias et al. also have reported that a booster dose of the
clinical stage bivalent mRNA vaccine candidate (WT and Beta spike
proteins) showed advantages over the WT booster dose in human, as
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Fig. 5. Safety evaluation of SCTVO1C in SD rats. SD rats were injected with saline (Blank), 10 mg SCT-VA02B (Adjuvant), or SCTV01C (60 pg/dose or 180 pg/dose, in
the presence of 10 mg or 30 mg SCT-VA02B adjuvant) on Day 0, 14, 28 and 42 (n = 10/group). Peripheral blood counts (a), biochemical indexes (b) and in-
flammatory cytokines (c) were detected on Day 57. Data are shown as mean = SEM. RBC, red blood cells. Lymph, lymphocytes. Neut, neutrophils. ALT, Alanine

aminotransferase. AST, Aspartate aminotransferase.
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indicated by more potent humoral immune responses against antigen-
matched WT strain and the Beta variant, as well as antigen-
mismatched Delta and Omicron BA.1 variants (Chalkias et al., 2022).
Beta variant based monovalent vaccine also showed potential advan-
tages over D614G or WT vaccines in protection efficacy against Omicron
BA.1 in the Phase 3 VATO02 study (Launay et al., 2022).

So far, cross-neutralization potency elicited by monovalent or
multivalent vaccines based on Beta variant against newly emerged
Omicron subvariants have not been elaborated in either clinical or
preclinical studies. Our data indicated potential advantages of Beta
variant-based multivalent vaccine in curtailing risks posed by new
subvariants of the Omicron variant, as demonstrated by more potent
cross-neutralizing antibody responses against Omicron BA.1, BA.1.1,
BA.2, BA.3 and BA.4/5, when compared with the D614G vaccine
(Fig. 3). Therefore, the variant-based bivalent vaccine SCTVO1C could
play important roles in defending against existing and future emerging
variants. One limitation of the study is that the cross-protection capacity
of SCTV01C against more recent SARS-CoV-2 variants, such as Delta and
members of the Omicron family, was not elaborated in this study due to
the lack of Animal Biosafety Level 3 (ABSL-3) facilities.

Increasing vaccination rate with highly effective vaccines is an
important approach to build herd immunity and terminate the current
COVID-19 pandemic. Although the vaccination rate in high income
countries reaching over 50%, a vast majority of people, from lower-
middle-income countries (LMICs) or low-income countries (LICs),
remain unvaccinated (Maxmen, 2021). Availability of COVID-19 vac-
cines, as well as no requirements of ultra-low-temperature for vaccine
storage and transportation, contributed to vaccination coverage, espe-
cially in LICs and LMICs (Cao and Gao, 2021; Uddin and Roni, 2021).
The outstanding thermal stability of SCTV01C, demonstrated by no
significant loss of purity and immunogenicity at 25 °C for at least 6
months (Fig. 1f and g), is well suited for mass vaccination in developing
countries lacking advanced facilities and infrastructure. SCTVO1C can
be manufactured with standard existing large scale CHO cell culture,
and hence can be easily produced in large quantities to meet the demand
for increased vaccine coverage of people at risk for COVID-19 in LICs
and LMICs.

In developed countries where vaccine supply is no longer an issue,
suboptimal vaccine coverage might due to vaccine hesitance caused by
various reasons, including distrust in newly developed vaccine tech-
nology, concerns on adverse events caused by vaccination, and lack of
confidence in vaccine efficacy (Wouters et al., 2021; Ipsos, 2021; Siu
et al., 2022). For example, mRNA vaccines have shown promising
clinical efficacies in protection against infection by early strains of
SARS-CoV-2 and reduction in disease severity, however, hesitance to-
wards vaccination remains due to lack of long-term safety data, as well
as rare but potentially severe side effects (Mevorach et al., 2021; Wit-
berg et al., 2021; Montgomery et al., 2021; Barda et al., 2021). Spike
protein-based vaccine with the newly developed Matrix-M™ adjuvant
showed high protection efficacy with safety issues similar to mRNA
vaccines (Heath et al., 2021). Inactivated vaccines showed relatively low
adverse event rates but concern remains about the suboptimal antibody
responses and protection efficacy (Li et al., 2022). Some people were
reluctant to adenoviral vector-based vaccine despite evidences for its
clinical efficacy (Sadoff et al., 2021; Voysey et al., 2021; Scully et al.,
2021; Schultz et al., 2021; Pavord et al., 2021). Therefore, development
of vaccines, with potent immunogenicity and efficacy and low side ef-
fects, could offer additional options to people with vaccine hesitancy,
and would be helpful to increase vaccination rate. Preclinical safety
assessment of SCTVO1C indicated that no adverse safety issues were
observed in SD rats vaccinated with a 4-dose regimen of SCTV01C at a
dose level up to 180 pg (Fig. 5).

Phase II clinical trials are in progress to evaluate the safety and
immunogenicity profiles, as well as efficacy of SCTV01C in unvaccinated
populations or as booster doses. Interim analysis results indicated that
SCTVO01C showed similar safety profiles to inactivated vaccines and

67

Virology 576 (2022) 61-68

induced potent neutralizing antibodies to variants including the Omi-
cron variant (manuscript in preparation).

5. Conclusions

In this study, preclinical assessments of a bivalent S-trimer vaccine
SCTVO01C with a squalene-based oil-in-water adjuvant SCT-VA02B were
conducted. Our data demonstrated that SCTVO1C exhibited outstanding
thermal stability (over 6 months at 25 °C), significant protection efficacy
in a mouse challenge model, superior cross-neutralizing capacity against
newly emerged subvariants of the Omicron variant, as well as favorable
safety profiles.

This study demonstrated that multivalent vaccines composed of high
quality and thermal stable S-trimer protein antigens and SCT-VA02B
adjuvant could play significant roles in helping to curb the current
COVID-19 pandemic as well as become an important platform for vac-
cine development against SARS-CoV-2 variants emerging in the future.
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