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Abstract: During the sustained COVID-19 pandemic, global mass vaccination to achieve herd immu-
nity can prevent further viral spread and mutation. A protein subunit vaccine that is safe, effective,
stable, has few storage restrictions, and involves a liable manufacturing process would be advan-
tageous to distribute around the world. Here, we designed and produced a recombinant spike
(S)-Trimer that is maintained in a prefusion state and exhibits a high ACE2 binding affinity. Rodents
received different doses of S-Trimer (0.5, 5, or 20 µg) antigen formulated with aluminum hydroxide
(Alum) or an emulsion-type adjuvant (SWE), or no adjuvant. After two vaccinations, the antibody
response, T-cell responses, and number of follicular helper T-cells (Tfh) or germinal center (GC) B
cells were assessed in mice; the protective efficacy was evaluated on a Syrian hamster infection model.
The mouse studies demonstrated that adjuvating the S-Trimer with SWE induced a potent humoral
immune response and Th1-biased cellular immune responses (in low dose) that were superior to
those induced by Alum. In the Syrian hamster studies, when S-Trimer was adjuvanted with SWE,
higher levels of neutralizing antibodies were induced against live SARS-CoV-2 from the original
lineage and against the emergence of variants (Beta or Delta) with a slightly decreased potency. In
addition, the SWE adjuvant demonstrated a dose-sparing effect; thus, a lower dose of S-Trimer as an
antigen (0.5 µg) can induce comparable antisera and provide complete protection from viral infection.
These data support the utility of SWE as an adjuvant to enhance the immunogenicity of the S-Trimer
vaccine, which is feasible for further clinical testing.

Keywords: SARS-CoV-2; vaccine; adjuvant; SWE

1. Introduction

The recent vaccines have contributed to controlling the spread of COVID-19, especially
in lowering the incidence of severe COVID-19 cases or mortality [1–3]. However, these
vaccines, especially mRNA, are unstable at room temperature and sensitive to sunlight. The
requirement of maintaining ultralow freezing temperatures during storage and transporta-
tion poses a huge limitation in less-developed countries. According to the simultaneous
statistics from Our World in Data, only 10.6% of people have received at least one dose
in low-income countries [4]. The development of a SARS-CoV-2 subunit vaccine has in-
dispensable advantages for improving vaccination coverage to reach the herd immunity
threshold; for example, it is safe, widely used for many viral diseases, a well-established
manufacturing platform, and relatively stable for distribution to low- and middle-income
nations.
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Based on previous studies of SARS-CoV-1 and MERS-CoV, in the development of a
COVID-19 vaccine, the spike protein was utilized as a prime antigen to generate protective
immune responses. The spike is the major glycoprotein on the surface of coronaviruses and
mediates viral attachment, fusion, and entry into host cells. Obviously, the spike is a crucial
target antigen for rational vaccine design to induce neutralizing antibodies. In addition,
the SARS-CoV-2 spike is a dynamic protein that contains two functional subunits. The S1
subunit harbors a receptor-binding domain (RBD) that recognizes the human angiotensin-
converting enzyme 2 (hACE2) receptor, and the S2 subunit is responsible for the fusion of
the viral and cellular membranes. While S binds to the receptor, host protease processing
at the boundary between the S1/S2 subunit (furin cleavage site) and the S2′ site located
upstream of the fusion peptide triggers an irreversible conformational change of the spike
from a transient prefusion form to a highly stable postfusion state, facilitating membrane
fusion [5]. To achieve the purpose of eliciting neutralizing antibodies, some approaches
have been developed to stabilize the S prefusion form to preserve neutralizing epitopes,
and these approaches include (1) abrogation of the furin cleavage site (residues 682–685)
for protease resistance [6,7], (2) replacement of two prolines at positions 986 and 987 to help
the epitope remain locked into the prefused conformation [8,9], and (3) C-terminal fusion
with a trimerization motif [10,11]. These modifications have been applied to the currently
available vaccines, such as BNT162b2 (Pfizer/BioNTech) [12], mRNA-1273 (Moderna) [13],
NVXCoV2373 (Novavax) [14], and Ad26.COV2. S (Jannsen) [15].

Immunol stimulators are important for subunit vaccines, which lack pathogen-associated
molecular patterns (PAMPs) to simulate innate immunity via pattern recognition receptors
(PRRs); however, to overcome the limitations of subunit vaccines, adjuvants such as alu-
minum hydroxide, CpG-1018 [16,17], AS03 [11,18], and MF59 [10,19] have been employed
to improve the immunogenicity of the SARS-CoV-2 spike in animal studies and clinical
trials. Although aluminum hydroxide is a commercially available adjuvant, it only induces
a modest immunity to the spike and shows less antigen-sparing capacity compared with the
proprietary adjuvants CpG-1018 (Dynavax), AS03 (GlaxoSmithKline), and MF59 (Novar-
tis). However, access to intellectual property rights will increase vaccine production costs,
which may be a major barrier to mass vaccination in less-developed countries. Therefore,
we evaluate a formulation of a recombinant S-Trimer with an MF59-like adjuvant, Sepivac
SWETM (manufactured by SEPPIC), which was developed by the Vaccine Formulation
Laboratory for technology transfer in open access [20,21]. SWE is an oil-in water emulsion
with a similar composition to MF59, which consisted of squalene and two surfactants,
Tween 80 and Span 85. SWE has been successfully paired with various vaccine candidates
against Poliovirus [22], PRRSV [23], and H7N9 [24] in preclinical studies.

In order to generate cost-effective, long-lasting, and broad immune responses against
evolving SARS-CoV-2 variants, this study is to assess the protective effects of the antigen
doses and adjuvants formulated with S-Trimer vaccine. The cross-neutralizing antibodies
against the SARS-CoV-2 Beta and Delta strains from different lineages were analyzed.
As COVID-19 gradually goes from being an acute to endemic disease, such as seasonal
influenza, the high safety subunit vaccine has the potential to be used long-term for routine
vaccination in the future.

2. Results
2.1. Design and Preparation of a Trimeric SARS-CoV-2 Spike Antigen

To generate the SARS-CoV-2 S protein in the prefusion state, we designed a construct
that incorporated a “GSAS” replacement at the furin cleavage site (RRAR) and two proline
substitutions at residues 986 and 987 (K986P, V987P) in the sequence of the wild-type spike
from the Wuhan strain, named S-2P. Additionally, to facilitate S protein trimerization and
improve conformational homogeneity, another construct (S-Trimer) was designed by adding a
trimerization domain, IZN4 [25], to the C-terminus of the S-2P construct. To confirm the function
of these modifications, a commercialized S protein (Acro-S) was also included as a reference
(Figure 1A). The plasmids encoding the S-Trimer (or S-2P) were transfected into ExpiCHO
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cells (ThermoFisher Scientific, Carlsbad, CA, USA) for transient expression for 10 days. Then,
serum-free culture medium was harvested by centrifugation, followed by purification through
Ni+-NTA affinity chromatography. The SDS–PAGE analysis verified that both S variants were
mostly expressed and secreted into the culture medium (Figure S1). The size of the recombinant
S variants was assessed by reducing SDS–PAGE and nonreducing native PAGE (Figure 1B).
With the help of these modifications, the purified S-Trimer or S-2P was polymerized into a
stable homogeneous trimer, which appeared in multiple high molecular weight forms under
native PAGE analysis. Under SDS–PAGE analysis, the reduced forms of S-Trimer and S-2P
were resolved at a molecular weight of approximately 170 kDa (Figure 1B). By using biolayer
interferometry, we next investigated whether S variants in the prefusion form affected the
kinetics of the interaction with hACE2 (Figure 1C). The S-Trimer demonstrated the highest
hACE2 binding affinity (KD of 7.3 nM) among these Sprotein; this was over two-fold higher
than that of Acro-S (KD of 16 nM) and ~four-fold higher than that of S-2P (KD of 30 nM). These
results indicated that the S-Trimer protein folded properly, formed a soluble and stable trimer,
and bound to hACE2 with relatively high affinity.
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Figure 1. Design and characterization of recombinant SARS-CoV-2 spike variants. (A) Schematic
design of SARS-CoV-2 S variants construct. Wild-type (WT) full length of SARS-CoV-2 S protein
contents, RRAR residues at S1/S2, and a furin cleavage site. Acro-S has the S ectodomain without
the furin cleavage site, which was substituted by “RAAA” at S1/S2. The recombinant SARS-CoV-2
S-2P protein encodes S ectodomain with a “GSAS” substitution at the furin cleavage site and two
proline substitutions at residues 986 and 987 to retain in the prefusion conformation; S-Trimer was
designed as S-2P fused with IZN4 trimerization domain at the C-terminal. (B) Reducing SDS–PAGE
and native PAGE analysis of purified S-2P and S-Trimer. Molecular weight standards are indicated
at the left in kDa. Kinetic profiles of (C) Acro-S, (D) S-2P, and (E) S-Trimer binding to human ACE2
measured by ForteBio BioLayer interferometry (BLI). The data are representative of at least three
independent experiments.

2.2. Vaccination of S-Trimer with SWE Elicits Robust Humoral Immunity in Mice

We evaluated the immunogenicity of the SARS-CoV-2 S-Trimer at various dose levels
and through different administration routes in BALB/c mice. The mice were vaccinated
intramuscularly (IM) or subcutaneously (SC) twice in 4-week intervals (Figure 2A) with S-
Trimer (0.5 µg or 5 µg or 20 µg) either nonadjuvanted or with adjuvants, 250 µg of aluminum
hydroxide (Alum), or SWE (1:1 ratio by volume). Serum from the vaccinated mice was collected
on Days 28 and 42. Via SC injection, all the vaccine groups exhibited a detectable antibody
response against S-Trimer after a single-dose vaccination, as revealed by ELISA (enzyme-linked
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immunosorbent assay). The total IgG endpoint titer (Log10) of the serum among the vaccine
groups collected at Day 28 ranged from two to three and subsequently increased approximately
one order for each group after boosting at Day 42. SC vaccination with the S-Trimer adjuvanted
and SWE elevated the level of anti-S binding antibody (Figure 2B,C), ACE2 competitive titer
(Figure 3A), and viral neutralization titer (Figure 3B) more than vaccination without the adjuvant
or with the Alum. Although various doses of S-Trimer antigen were included in each group,
the humoral antibody response induced by the SWE-adjuvanted (S-Trimer/SWE) groups did
not show significant differences among various antigen doses. Instead, a dose-dependent
effect was observed on the anti-S binding antibody titer of the nonadjuvated (S-Trimer) and
Alum-adjuvanted (S-Trimer/Aum) groups, which showed no significant difference in antibody
responses compared to each other at the corresponding antigen dose level. On the other hand,
IM vaccination with non, Alum-, or SWE-adjuvanted S-Trimer with various doses of antigen
induced antibody responses, which did not markedly appear to be dependent on the amount of
antigen used. Higher levels of anti-S binding, ACE2 blocking, and neutralizing antibody titers
were measured in both groups that received Alum- and SWE-adjuvanted S-Trimer. The boost
effect of the second dose with adjuvants (on Day 28) was evident, with over 10-fold increases in
the anti-S binding antibody titers at Day 42, which were maintained until 8 weeks and slightly
decreased in the following weeks (Figure S2). The ELISA endpoint titer (Figure 2D,E) and ACE2
competitive titer (Figure 3C) in the sera from the SWE-adjuvanted groups were statistically
higher than those from the Alum-adjuvanted groups at the corresponding antigen dose level.
However, the neutralizing antibody levels of the SWE-adjuvanted groups were numerically
higher than those of the Alum-adjuvanted groups (Figure 3D). Taken together, these results
indicate that SWE adjuvantation induced humoral antibody responses against SARS-CoV-2 that
were stronger than those induced by Alum and were further improved via IM injection.
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Figure 2. Detection of S-Trimer-specific antibodies in serum of vaccinated BALB/c mice. (A) Schematic
showing the schedule for vaccination and serum collection. BALB/c mice were immunized with various



Int. J. Mol. Sci. 2022, 23, 4902 5 of 18

doses of S-Trimer (0.5 µg, 5 µg, or 20 µg) that was nonadjuvanted (gray) or adjuvanted with 250 µg Alum
(blue) or SWE (orange) twice on Day 0 and 28. The PBS-injected group was the blank control. Serum
was collected on Day 0, 28, and 42. Using ELISA to access IgG titers against S-Trimer in serum, which
collected after the first or second dose vaccination via (B,C) subcutaneous (SC) injection, n = 5–6/group,
or (D,E) intramuscular (IM) injection, n = 8–9/group. Each symbol represents the endpoint titer from an
individual mouse; each bar represents the geometric mean± 95% confidence interval (CI) of IgG endpoint
titer from the group. Statistically significant differences compared within adjuvanted vaccine groups by
two-tailed Mann–Whitney test. * p < 0.05, ** p < 0.008, *** p < 0.0005, **** p < 0.0001; ns: not significant.
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Figure 3. Analysis of ACE2 competitive and neutralizing antibodies in serum of vaccinated BALB/c
mice. Inhibition of ACE2 binding to SARS-CoV-2 S-2P and live SARS-CoV-2 virus neutralization
were accessed in serum (Day 42) collected from BALB/c mice after the second vaccination dose
via (A,B) subcutaneous injection, n = 5–6/group, or (C,D) intramuscular injection, n = 8–9/group.
Each symbol represents the reciprocal 50% inhibitory dilution ID50 titer from an individual mouse;
each bar represents the geometric mean ± 95% CI ID50 titer from the group. Statistically significant
differences were compared with the nonadjuvant vaccine group or adjuvanted vaccine group by
two-tailed Mann–Whitney test. * p < 0.05, ** p < 0.008, *** p < 0.0005, **** p < 0.0001; ns: not significant.

2.3. SWE Adjuvanticity Is Associated with the Induction of Tfh Cells and GC B Cells

It is known that the magnitude and quality of antibody responses and humoral mem-
ory are mediated through GC B cells, which differentiate into long-lived memory B cells
or plasma cells through Tfh regulation [26,27]. To determine whether SWE enhanced
S-Trimer-specific IgG and neutralization titers through an increase in Tfh and GC B cells,
BALB/c mice were intramuscularly immunized using a treatment regimen described
previously (Figure 2A) with various doses of S-Trimer that was either nonadjuvanted or
adjuvanted. Then, we quantified the CD4+CXCR5+ICOShighPD-1high Tfh cells (Figure 4A)
and CD19+B220+GL-7+CD95+ GC B cells (Figure 4B) by flow cytometry in the draining
lymph nodes (dLNs) two weeks after boosting the mice. Compared with the PBS, nonadju-
vanted, or Alum-adjuvanted groups, SWE adjuvating markedly increased the proportion
of Tfh (Figure 4C) and GC B cells (Figure 4D), but the proportions were not significantly
different between the nonadjuvanted and Alum-adjuvanted groups. To define the relative
contribution of the induction of Tfh cells or GC B cells to the SWE-elicited neutralizing
antibody response, the correlations between the proportion of Tfh cells (or GC B cells)
and NT titers were assessed in individual immunized mice. A positive direct correlation
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(R2 = 0.3445) was observed between Tfh cells and NT titers (Figure 4E), and a stronger posi-
tive correlation (R2 = 0.6093) was presented between GC B cells and NT titers (Figure 4F).
This evidence indicates that the increase in the Tfh cells and GC B cells by SWE adjuvating
facilitates the formation of high-affinity class-switched antibodies, leading to higher levels
of neutralizing antibodies against SARS-CoV-2.
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Figure 4. Increased number of Tfh and GC B cells in dLNs from vaccinated BALB/c mice. BALB/c
mice (n = 3–4/group) were administered PBS as a control or 0.5 µg or 5 µg or 20 µg of S-Trimer protein
with or without adjuvant (Alum or SWE) via intramuscular (IM) injection twice on Day 0 and 28. The
dLNs were analyzed by flow cytometry at two weeks after the second vaccination. Representative
dot plots of lymphocytes from immunized mice and gated on (A) CD4+CXCR5+ICOShighPD1high Tfh
cells and (B) CD19+B220+GL-7+ Fas+ (CD95) GC B cells and percentage of (C) Tfh cells and (D) GC
B cells in dLNs. Correlations between neutralization titer and percent of (E) Tfh cells or (F) GC B
cells for each mouse. Symbols represent individual mice; bars indicate mean ± SD percentage of
cells. Statistical analysis of comparisons among groups was made by two-tailed Mann–Whitney tests.
* p < 0.05, ** p < 0.008, *** p < 0.0005, **** p < 0.0001; ns: not significant. The Spearman rank test was
used to perform correlation analysis.

2.4. SWE-Adjuvated S-Trimer Enhances the T-Cell Response

Cellular immune responses are important to mediate the production of high-quality
antibodies and eliminate virus-infected host cells. To assess whether SWE-adjuvanted
S-Trimer vaccination promotes the development of spike-specific T-cells, BALB/c mice
were intramuscularly immunized with various doses of S-Trimer either nonadjuvanted or
adjuvanted twice at a 4-week interval. The mice were sacrificed two weeks after the second
vaccination, and then we restimulated splenocytes ex vivo with the S-2P ectodomain, a CD4
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epitope (S444-458 KVGGNYNYLYRLFRK), or a CD8 epitope (S535-543, KNKCVNFNF) [28]
for two days. The T-cell responses were evaluated by quantitating the number of IFN-
γ-secreting cells by ELISpot assay. The frequency of IFN-γ secreting cells was detected
below 10 spots/106 cells in the splenocytes from individual mice without any stimulation
(Figure 5A). The S-Trimer/SWE-immunized groups induced distinctly high frequencies
of IFN-γ secreting cells (~150 spots/106 cells) after stimulation with recombinant S-2P
(Figure 5B). However, S-Trimer/SWE induced strong S535-543 targeting of CD8 (Figure 5D
but limited S444-458 targeting of CD4 T-cell responses. The S-specific CD4 responses
were significantly enhanced only in mice immunized with 20 µg of S-Trimer adjuvanted
by SWE (Figure 5C). In contrast, S-Trimer/Alum vaccination induced a relatively low
frequency of IFN-γ secreting cells, similar to the PBS and S-Trimer groups, despite inducing
comparable neutralizing antibody responses in BALB/c mice. Overall, the S-Trimer/SWE
groups appeared to induce a stronger cell-mediated immune response than that of the
nonadjuvanted (S-Trimer) or S-Trimer/Alum groups.
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Figure 5. Spike-specific T-cell responses to adjuvanted S-Trimer immunization in BALB/c. Spleens
were collected from the PBS control or immunized BALB/c mice (n = 4/group) two weeks after
the second vaccination. Splenocytes from each individual were (A) cultured in medium as control
or stimulated with (B) SARS-CoV-2 spike ectodomain, (C) CD4+ T-cell epitope, or (D) CD8+ T-cell
epitope. The number of IFN-γ-secreting cells was evaluated by ELISpot assay. Each symbol represents
individual mice; each bar represents the mean ± SD of each group for ELISpot assay. Statistically
significant differences were compared by two-tailed Mann–Whitney test. * p < 0.05 was considered
significant; ns: not significant.

To assess the profile of splenocytic S-specific CD4 T helper (Th) cells in BALB/c
(Figure 6A) and C57BL/6 (Figure 6B) mice, we determined the secretion of Th1 cytokines
(IFN-γ and IL-2) and Th2 cytokines (IL-4, IL-5, and IL-13) from stimulated splenocyte super-
natants by ELISA. The results showed that there was a relatively low but detectable cytokine
response in the nonadjuvanted (S-Trimer) and Alum-adjuvanted (S-Trimer/Alum) groups.
Compared to the S-Trimer- or S-Trimer/Alum-immunized groups, Th1 and Th2 cytokine
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secretion from S-specific T-cells was obviously increased in S-Trimer/SWE-immunized
BALB/c and C57BL/6 mice. Among these S-Trimer/SWE groups, the highest levels of
IL-2 and IFN-γ cytokines were observed in both strains of mice that were immunized by
the lowest dose (0.5 µg) of S-Trimer with SWE adjuvating. This lowest dose formulation
with SWE also induced the highest levels of IL-4, IL-5, and IL-13 cytokines in C57BL/6
mice. In contrast, SWE adjuvating did not cause a significant difference in IL-5 or IL-13
production among BALB/c mice treated with various doses of S-Trimer, while the secretion
of IL-4 increased with increasing amounts of S-Trimer by SWE adjuvating. Furthermore,
vaccine-induced bias of the cytokine profile was determined in accordance with the ratio
of IFN-γ/IL-4. Since Alum and SWE have been considered Th2-biased adjuvants that
naturally induce a higher proportion of Th2 than Th1 cytokines, a relatively low ratio of
IFN-g/IL-4 was observed in the S-Trimer/Alum and S-Trimer/SWE groups. Interestingly,
SWE adjuvanted with the lowest dose (0.5 µg) of S-Trimer resulted in a significantly higher
ratio of IFN-γ/IL-4, demonstrating a pro-Th1-cell-mediated immune response. The Th1-
biased CD4 T-cell response appears to be associated with a decrease in the dose of the
S-Trimer used when adding the SWE adjuvant.
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of S-Trimer protein with or without adjuvant (Alum or SWE) via intramuscular (IM) injection
twice on Day 0 and 28. Splenocytes were collected at two weeks from the second vaccination and
incubated with SARS-CoV-2 S ectodomain to restimulate cytokine secretion. The secretion level of
Th2 cytokine (IL-13, IL-5, and IL-4), and Th1 cytokine (IFN-γand IL-2) was evaluated by indirect
ELISA. The Th1/Th2 ratio was calculated from each producing amount of IFN-γ and IL-4. Each
symbol represents the cytokine value from an individual mouse; each group of cytokines’ value
was presented as the mean ± SD. Statistical analysis of all comparisons was made by two-tailed
Mann–Whitney tests. * p < 0.05 was considered significant.

2.5. Humoral Immune Responses and Protective Efficacy in Vaccinated Syrian Hamsters

We next evaluated the protective efficacy of the S-Trimer vaccines to prevent viral
infections and associated diseases since SARS-CoV-2 showed limited binding to mouse
ACE2, which has limited the use of inbred mice for research. Hamster ACE2 binds tightly
to the SARS-CoV-2 S protein and mediates its entry [29]; therefore, hamsters are a com-
petent infection model for studying the pathogenesis of SARS-CoV-2 infections [30]. In
this study, Syrian hamsters were intramuscularly immunized twice at a 4-week interval
and intranasally infected with SARS-CoV-2 on Day 45 (Figure 7A). Serum samples were
collected on Day 42 and subjected to different methods to assess antibody responses. The
levels of ELISA (Figure 7B), ACE2 blocking (Figure 7C), and live-virus neutralization titers
(Figure 7D) measured in sera from the S-Trimer/SWE groups were significantly higher
than those from the nonadjuvanted S-Trimer groups at each corresponding antigen dose
level or the S-Trimer/Alum groups at the lowest antigen dose (0.5 µg).

In the challenge study, the hamsters were vaccinated with non, Alum-, or SWE-
adjuvanted 0.5 µg of S-Trimer, infected with 200 TCID50 of SARS-CoV-2, and monitored
for body weight loss for 6 days post-infection (dpi). The hamsters from each group were
separately sacrificed on dpi 3 and dpi 6 to harvest lungs for histopathological analysis
and measure virus titers in the lung. After infection, the hamsters in the SWE-adjuvanted
S-Trimer groups were protected from body weight loss, while the hamsters in the PBS
control group showed a gradual body weight loss of approximately 10% through 6 dpi
(Figures 7E and S3D). The body weight of the hamsters in the S-Trimer and S-Trimer/Alum
groups slightly decreased on dpi 2 to 4 and then recovered and experienced less weight
loss than that of the PBS control group. At 3 days post-virus-infection, the viral titer
in the lung indicated high viral replication in hamsters from the PBS control group as
well as the nonadjuvated S-Trimer group. A significant reduction in the virus titers was
observed in the lungs from the S-Trimer/Alum group, but two hamsters still had detectable
virus. However, the viral load in the lungs from the S-Trimer/SWE group was completely
suppressed below the detectable limit (Figure 7F and Figure S3C).

A histopathology analysis at dpi 6 also revealed that different severities of inflamma-
tion and tissue damage were observed in the lungs from all the groups except for hamsters
from the S-Trimer/SWE groups, which did not show any lung lesions (Figure 7G,H, Figures
S3A and S3B). Various parameters, as above, suggested that SWE adjuvating the S-Trimer
vaccine can fully protect hamsters from SARS-CoV-2 infection.
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Figure 7. Protective efficacy of S-Trimer immunization against SARS-CoV-2 infection in Syrian
hamsters. (A) Schematic showing the schedule of S-Trimer vaccination, SARS-CoV-2 infection, and
blood collection for the hamster study. Syrian hamsters (n = 6–10/group) were administered with
nonadjuvanted or adjuvanted S-Trimer 0.5 µg twice via intramuscular routes on Day 0 and 28. PBS-
injected group as blank control. Serum was collected by gingival blood sampling on Day 0, 28, and
42. Syrian hamsters were intranasally infected on Day 45 with 1 × 105 TCID50 live SARS-CoV-2
virus. The humoral immune responses were evaluated based on (B) anti S-Trimer Endpoint IgG
titers, (C) ACE2 competition ELISA titers, and (D) wild-type SARS-CoV-2 virus neutralization titers.
(E) Body weight change (%) of the hamsters was recorded every day after SARS-CoV-2 infection.
(F) Virus titers in the lungs of SARS-CoV-2-infected hamsters at 3 days post-infection (dpi3) were
determined by TCID50 assay. (G) Representative histopathology images of H&E staining from
the lung sections of infected hamsters at 6 days post-infection (dpi6), in which purple indicates
areas of inflammation. (H) Pathological severity of lung lesions was evaluated by the percentage of
inflammation area of each section. Symbols represent individual animals; bars indicate geometric
mean ± 95%CI of endpoint titers and ID50 titers for each group; horizontal lines indicate mean ± SD.
For statistical analysis of antibody titers, virus titers, and pathological severity, significant differences
compared between groups by two-tailed Mann–Whitney test. The comparisons of body weight
change (%) were made by two-way ANOVA with multiple comparison tests. * p < 0.05, ** p < 0.008,
*** p < 0.0005, **** p < 0.0001, ns: not significant.
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2.6. SWE-Adjuvanted S-Trimer Induces Cross-Neutralizing Activity against VOCs

Here, we evaluated the neutralization ability of the serum samples collected from
the hamsters vaccinated with various doses of S-Trimer with SWE adjuvant against the
SARS-CoV-2 Beta (B.1.351) or Delta (B.1.617.2) variants compared to the neutralization of
wild-type SARS-CoV-2 (Figure 8). The results indicated that there were minimal effects
on low doses of S-Trimer (0.5 µg) with SWE-induced neutralization titers against the
Beta variant (2.0-fold reduction) or Delta variant (1.08-fold reduction) compared with
that of the WT; higher doses of S-Trimer (5 µg or 20 µg) with SWE showed statistically
decreased neutralization titers against the Beta variant (4.36-fold or 4.0-fold reduction)
or Delta (2.35-fold or 2.52-fold reduction) compared with that of the WT. These results
suggested that increasing the amount of S-Trimer in the SWE adjuvant can elevate the
neutralizing antibody titer against the WT of SARS-CoV-2, but this effect did not observed
in the neutralization assay for the Beta or Delta variants.
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Figure 8. Cross-neutralization of SARS-CoV-2 variants by serum from S-Trimer with SWE vaccinated
hamsters. Syrian hamsters (n = 6–10/group) were administered PBS as a control or 0.5 µg or 5 µg or
20 µg of S-Trimer protein (wild-type) with SWE adjuvant via intramuscular injection twice on Day
0 and 28. Cross-neutralizing antibodies against SARS-CoV-2 variants, B1.1351 (Beta) and B1.1617
(Delta), were assessed by TCID50 assay at two weeks after the second vaccination. Symbols represent
the reciprocal 50% inhibitory dilution ID50 titer from an individual animal; bars represent the
geometric mean ± 95% CI ID50 titer. Statistically significant differences were compared by two-tailed
Mann–Whitney test. ** p < 0.008, *** p < 0.0005, **** p < 0.0001; ns: not significant.

3. Discussion

Different types of COVID-19 vaccines have been approved or used in humans with
emergency authorization. Although many recombinant protein vaccines for COVID-19
have been investigated in clinical trials, limited vaccines (Covifenz (CoVLP), Abdala (CIGB
66), MVC-COV1901 NVX-CoV2373, Noora, and ZF2001 (ZIFIVAX)) have been approved
for emergency use in different countries [31]. It is important to use adjuvants to generate
Th1-biased immune responses. It has shown that MF59 formulated with HIV or influenza
vaccine can increase antibody titers [32]. SWE is similar to the MF-59; we expect that the
strong adjuvanted activity can reduce the doses of the antigens. In this report, we found
that low-dose antigen in an emulsion-type adjuvant SWE can induce Th1-biased immune
responses in the absence of CpG (TLR9 agonist). Our findings could reduce the costs of
COVID-19 vaccines. Although the SWE did not have a product in the market, the similar
formula MF59 has been used in humans for many years. We expect that a vaccine product
containing SWE will be in the market in the near future.

Although many recombinant protein vaccines have been studied using different
adjuvants, aluminum- or emulsion-type adjuvants alone have been investigated less. In
this report, we designed a trimeric S of SARS-CoV-2 formulated with aluminum or SWE
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to evaluate the potential for COVID-19 vaccines. Surprisingly, the low dose of trimeric S
with SWE generated protective immunity against SARS-CoV-2 infection in hamsters and
induced Th1-biased immune responses (Figures 5 and 7). NVX-CoV2373 is a nanoparticle
protein vaccine that is adjuvanted with Matrix M to obtain balanced Th1/Th2 immune
responses [14]. MVC-COV1901 and SCB-2019 are prefusion forms of trimeric S protein
formulated with Alum/CpG that can induce Th1-biased immune responses [33,34]. They
can induce protective immunity against virus infection. In contrast, recombinant protein
formulated with gold nanoparticles can elicit anti-S IgG antibodies but fails to induce
protective immune responses [35]. The extracellular domain of the spike protein was fused
to a molecular clamp trimerization domain from glycoprotein 41 (amino acids 540–576 and
619–656) of human immunodeficiency virus 1 (HIV-1) to generate a prefusion-stabilized
spike protein (Sclamp). The Sclamp in MF59 elicits high levels of neutralizing antibodies
and protective immunity [10]. Unfortunately, the vaccine candidate was withdrawn due to
a cross-reaction with HIV diagnoses. This result indicated that the trimerization domain
needs to have low immunogenicity. Our trimeric S is trimerized with the low immunogenic
sequence IZN4, which is derived from GCN4 [25]. Our design will be more practical in
future applications in mass vaccination.

In addition to neutralizing antibody titers, T-cells also play an important role in
controlling disease progression. We analyzed T-cell responses using whole S protein,
CD4 epitope peptide, and CD8 epitope peptide. S-Trimer/SWE immunization elicited
higher levels of both CD4+ and CD8+ T-cell responses than S-Trimer/Alum immunization
(Figure 6). Our results are consistent with Sclamp in MF59 immunization, inducing higher
levels of T-cell responses than Sclamp in alhygrogel immunization [10]. Although protein
antigen immunization does not easily induce CD8+ T-cell responses, the selected adjuvant
probably can enhance CD8+ T-cell responses. Viral-specific CD8+ T-cells may kill infected
cells to control disease progression. The depletion of CD8+ T-cells in convalescent rhesus
macaques partially abrogated the protective efficacy of natural immunity against rechal-
lenge with SARS-CoV-2 [36]. The depletion of both CD4+ and CD8+ T-cells in mice led
to an inability to clear the virus during primary infection [37]. These studies indicated
that vaccine-induced T-cell responses play an important role in controlling the severity
of COVID-19.

Due to the rapid evolution of SARS-CoV-2, COVID-19 vaccines are expected to neu-
tralize recent VOC infections. Growing evidence shows that VOCs have a negative impact
on the efficacy of the current vaccines, in which the antigens have been designed based on
the sequence of spikes from the ancestral Wuhan strain [38]. Immune evasion by emerging
variants was caused by several key mutations in the spike protein, especially in the RBD.
For example, a Beta strain (B.1.351) that encodes the K417N/E484K/N501Y mutations in
RBD abolished the neutralizing activity in the plasma from individuals vaccinated with
BNT162b2 (Pzifer/BioNTech) or mRNA-1273 (Moderna), who exhibited reductions of
10.3- to 14-fold or 3.8- to 8.4-fold, respectively, when compared to that of the B.1 (D614G)
strain [39–43]. Moreover, the mRNA vaccine elicited neutralizing activity against the Delta
strain (B.1.617.2), including L452R and T478K mutations in the RBD, with a 2.38-fold re-
duction for BNT [44] and a 3.3-fold reduction for Moderna [43]. Our data showed that
S-Trimer/SWE can induce cross-reactive neutralizing antibody titers against SARS-CoV-2
VOCs. Even though a minor reduction in the neutralization abilities against the Beta and
Delta variants was observed, serum from S-Trimer/SWE-vaccinated hamsters contains neu-
tralizing antibody levels on average GMT 141 (Beta) or 248 (Delta), which are higher than
the neutralizing antibody level (GMT 85) against the WT induced by 0.5 µg S-Trimer/Alum
vaccination that offers protection from viral infection in hamsters. Taken together, these
data demonstrate that reduced but still protective humoral immunity may be retained
against the Beta and Delta variants following S-Trimer/SWE vaccination.

The shortage of the COVID-19 vaccines and ultralow temperature storage limited
the global vaccine distribution. The subunit vaccine is safe and stored in the freezer.
Although the vaccine manufacturing capacity is limited in the present, the reduction of
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the antigen doses can increase the supply of the vaccine. The current subunit COVID-19
vaccines contained 5 to 15 µg antigen [17,45]. If the antigen amount can be reduced to
1/10, the vaccine can increase 10-fold in supply. These points indicate that adjuvant is
critical in the vaccine supply and resolves the shortage of the vaccines. The antigen design
and selection of adjuvants are important for the emerging infectious diseases or routing
influenza vaccines vaccination.

In summary, our report demonstrated that a low dose of recombinant trimeric S
formulated with WSE can induce both humoral and cellular immune responses to protect
animals from SARS-CoV-2 infection. Our findings can be applied to other infectious
diseases and reduce the cost of vaccines.

4. Materials and Methods
4.1. Production of SARS-CoV-2 S-Trimer

To produce secreted SARS-CoV-2 S proteins with a prefusion form, a DNA fragment
encoding the Wuhan strain S protein was designed to contain a nonfunctional furin cleav-
age site (R682G, R683S, R685S) and two stabilizing prolines (K986P, V987P) in the hinge
loop. Additionally, the transmembrane domain and the C-terminal intracellular tail were
removed (S-2P) or replaced by a trimerization domain IZN4 (S-Trimer), followed by his-
tidine (8-mer) at the carboxy terminus for purification. Both S variant DNA constructs
were codon-optimized for Homo sapiens, synthesized, and cloned into the pcDNA3.1(+)
plasmid vector by GenScript (Piscataway, NJ, USA). The production of the S-Trimer was
compiled using the ExpiCHO™ Expression System Kit (ThermoFisher Scientific, Carlsbad,
CA, USA). Briefly, the S-Trimer (or S-2P) was transiently expressed by ExpiCHO cells with
serum-free medium according to the manufacturer’s instructions. The culture medium
containing S-Trimer was centrifuged at 15,000 rpm for 30 min at 4 ◦C; later, the supernatant
was dialyzed to equilibration buffer (50 mM Tris-HCl, 150 mM NaCl, and 20 mM imidazole;
pH 8.9). S-Trimer was purified through an equilibrated Ni2+-NTA agarose column (GE).
Finally, the S-Trimer was eluted by equilibration buffer with 0.5 M imidazole and dialyzed
against buffer without imidazole (20 mM sodium phosphate; pH = 8.0).

4.2. Animal Immunization

BALB/c mice and C57BL/6 and Syrian hamsters were obtained from the National
Laboratory Animal Breeding and Research Center (Taipei, Taiwan). Mice or hamsters
were used between 6 and 12 weeks of age. Anesthetized animals were vaccinated with
S-Trimer in aluminum hydroxide (InvivoGen, San Diego, CA, USA) or an equal volume
of SWE solution (SEPPIC, La Garenne-Colombes, France) at 2- or 4-week intervals. Blood
samples of mice or hamsters were collected by tail vein or submandibular blood sampling.
All animals were housed at the Animal Center of the National Health Research Institutes
(NHRI) and maintained in accordance with institutional animal care protocols. All animal
experimental protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) of the NHRI (Protocol No: NHRI-IACUC-109077-A, approval date: 1 May 2020).

4.3. Immunoassay

The SARS-CoV-2 S binding antibody titers in serum samples collected from vaccinated
animals were evaluated by ELISA (enzyme-linked immunosorbent assay). Purified S-IZN4
in PBS (0.2 µg/100 µL/well) was incubated in 96-well microplates (Corning, Glendale,
Arizona, USA) at 4 ◦C overnight. After the coating solution was removed, the plates were
blocked with 3% BSA in PBS at RT for 2 h and washed three times with 0.1% PBS-T. Next,
serum samples at 1:30 were threefold serially diluted with 1% BSA in PBS and applied to
wells (100 µL). After incubating at RT for 2 h, the plates were washed three times with 0.1%
PBS-T, followed by incubation with species-specific secondary antibodies, including goat
anti-mouse IgG HRP (Cappel, Solon, OH, USA) and goat anti-hamster IgG-HRP (Arigo
Biolaboratorie, Hsinchu City, Taiwan, ROC), at RT for 1 h. The plates were then washed
three times with 0.1% PBS-T, and signals were developed using SureBlue TMB substrate
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(Seracare, Milford, MA, USA). The colorimetric reaction was stopped by adding 2 M H2SO4.
The optical density (OD) was measured at 450 nm by an ELISA reader (BioTek, Winooski,
VT, USA).

4.4. ACE2 Competition ELISA

Purified S-2P protein was coated into the wells of 96-well microplates (0.2 µg/100 µL/well)
in PBS, incubated at 4 ◦C overnight, and blocked with 3% BSA in PBS at 37 ◦C for 2 h.
After being washed with 0.1% PBS-T, the serially diluted serum samples and a reference
anti-SARS-CoV-2 neutralizing antibody (50 µL/well) were incubated in the microplates for
1 h, followed by mixing with 50 µL of biotinylated human ACE2 (0.2 µg/mL) in each well
and incubating for another 1 h. After being washed with 0.1% PBS-T, the microplates were
incubated with a 1:5000 dilution of streptavidin-HRP (BD Biosciences, San Jose, CA, USA)
for 30 min. Wells were washed with 0.1% PBS-T again, and the TMB substrate (Seracare,
Milford, MA, USA) was added for signal development. Then, the colorimetric reaction was
stopped by adding 2 M H2SO4, and the OD450 nm was measured by a microplate reader.

4.5. Neutralizing Antibody Analysis

Neutralizing antibody titers against live SARS-CoV-2 virus were evaluated by the TCID50
(median tissue culture infectious dose) assay. Live viruses (hCoV-19/Taiwan/4/2020 (D614),
hCoV-19/Taiwan/1013/2021, or hCoV-19/Taiwan/1144/2021) were generated as previ-
ously described [46]. All serum samples were inactivated at 56 ◦C for 30 min and serially
diluted in M199 medium in 2-fold dilutions starting from 1:20. The diluted serum was
mixed with an equal volume of solution containing 200 TCID50 of SARS-CoV-2 virus with
a volume of 200 µL per well. After 2 h of incubation at 37 ◦C, the virus–serum mixtures
were transferred to a 96-well plate covered by a monolayer of Vero cells and cultured at
37 ◦C. Quadruplicates were prepared for each serum dilution. Cytopathic effect (CPE) char-
acteristics in wells were recorded under microscopes after 4–5 days, and the neutralization
titer was determined as the reciprocal of serum dilution required for preventing infection
of 50% of quadruplicate inoculations. Neutralization titers below the starting dilution of
1:20 were assigned a value of 10 for calculation purposes.

4.6. Flow Cytometric Analysis

The draining lymph nodes (LNs) were homogenized in RPMI-1640 and filtered
through a 70-µm nylon strainer (BD Biosciences, San Jose, CA, USA). LN single-cell sus-
pensions were stained in FACS buffer (PBS, 2% FBS, 1 mm EDTA, and 0.1% sodium azide)
and incubated with anti-CD16/CD32 antibody (BD Biosciences, San Jose, CA, USA) for
30 min on ice to block nonspecific binding on Fc receptors. Subsequently, the cells were
stained with a cocktail of monoclonal antibodies for 1 h on ice. To stain GC B cells and TFH
cells, lymphocytes were incubated with anti-CD19-PE, anti-B220-PE-Cy7, anti-GL7-FITC,
and anti-CD95-APC Abs or with anti-CD4-BV421, anti-CXCR5-PE, anti-ICOS-APC, and
anti-PD-1-PerCPCy5.5 Abs.

4.7. Cytokine Assay

Splenocytic cytokine production was assessed using cytokine ELISA. A spleen was isolated
from individual mice in each group at two weeks after the second vaccination. Splenocytes
were prepared by centrifugation of mesh-homogenized spleens in RPMI-1640 medium and
suspended in LCM with 10% fetal bovine serum. The obtained splenocytes were cultured with
recombinant SARS-CoV-2 S (10 µg/mL) in 24-well plates (5 × 105 cells/well) at 37 ◦C under
5% CO2. After 3 days, the supernatant was collected to quantify the production levels of
Th1 cytokines (IFN-γ and IL-2) and Th2 cytokines (IL-13, IL-5, and IL-4) by using separate
cytokine ELISA kits (ThermoFisher Scientific, Carlsbad, CA, USA) as described by the
manufacturer’s instructions.
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4.8. ELISPOT Assay

The number of IFN-γ-secreting cells in the spleen was evaluated using a mouse IFN-γ
ELISPOT assay kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer’s
instructions. IFN-γ capture antibody (1:200) was coated on 96-well plates with PVDF mem-
branes (Merk & Millipore, Burlington, MA, USA) by incubation at 4 ◦C overnight. After
washing with PBS, the plates were blocked with complete RPMI-1640 for 2 h. The spleno-
cytes (5 × 105 cells/well) were seeded into the plates in duplicate wells with 10 µg/mL
recombinant S-2P or synthetic peptides (S444-458 KVGGNYNYLYRLFRK and S535-543
KNKCVNFNFNF), which have been reported as CD4 and CD8 epitopes in BALB/c [28]. Af-
ter the splenocytes were restimulated in 5% CO2 at 37 ◦C for 2 days, the cells were removed
from the plates by washing three times with PBST. Then, the plates were incubated with a
biotinylated detection antibody (1:250) at 37 ◦C for 2 h. After repeating the above washing
steps, avidinHRPcomplex reagent (1:100) was added to the plate and incubated at room
temperature for 45 min. The plates were washed three times with PBST and then three times
with PBS alone. A staining solution (3-amine-9-ethylcarbazole, Merck/MilliporeSigma,
Burlington, MA, USA) was added to the wells to develop the spots. After 30 min, the
plates were placed under tap water to stop the reaction. The spots were determined by an
ELISPOT reader (Cellular Technology Ltd., Shaker Heights, OH, USA).

4.9. Animal Challenge

The animal model for SARS-CoV-2 infection in Syrian hamsters was conducted as
previously described [46]. Syrian hamsters were intramuscularly immunized with either
PBS as a negative control, 0.5 µg S-Trimer, or 0.5 µg S-Trimer mixed with adjuvant (Alum
or SWE). Each injection volume of PBS control and mixed vaccines (antigen + adjuvant)
was 100 µL per IM dose. Four groups of hamsters (n = 8/group) were immunized twice (on
Days 0 and 28) and then infected intranasally with a dose of 1 × 105 TCID50 SARS-CoV-2
virus on Day 45. The SARS-CoV-2 strain (hCoV-19/Taiwan/4/2020 (D614G)) used was
obtained from the Centers for Disease Control (CDC, Taipei city, Taiwan, ROC) in Taiwan.
After viral infection, four hamsters in each group were sacrificed at Day 3 for viral load
quantification. The body weights of the other four hamsters in each group were recorded
daily until Day 6 before being sacrificed. To determine the viral load in the lung, left lung
tissues were homogenized in 2 mL of PBS using a gentle-MACS® Dissociator (Miltenyi
Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany). After centrifugation at
600× g for 5 min, the clarified supernatant was harvested for live virus titration (TCID50
assay) and viral RNA quantification.

4.10. H&E Staining

To evaluate lung histopathology by H&E staining, lung tissues from hamsters were
fixed in 10% formalin and paraffin embedded. Sections were prepared and stained with
hematoxylin and eosin (H&E). Lung pathology, including overall lesion extent, pneumocyte
hyperplasia, and inflammatory infiltrates, was assessed by a clinical pathologist at the
core pathology facility of the National Health Research Institutes (Miaoli County, Taiwan).
Scores were determined based on the percentage of the inflammation area for each section
of total lobes collected from each animal in each group by using the following scoring
system: 0 = no pathological change; 1 = infiltration area ≤10%; 2 = infiltration area 10%;
3 = infiltration area ≥50%. An additional point was added when pulmonary edema and/or
alveolar hemorrhage was observed. The total score for all the lobes in the image is shown
for individual animals.

4.11. Statistical Analysis

Statistical data arrangement was generated using GraphPad Prism software. Two-
tailed Mann–Whitney tests were used to compare the value of antibody titer measured
by different methods, the number of IFN-γ-secreting cells, and cytokine secretion level
between two experimental vaccination groups. The viral load in lung and pathological
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severity of lung tissue among multiple groups were performed using Kruskal–Wallis
ANOVA with Dunn’s multiple comparison tests. Comparisons of hamster body weight
change (%) were made by two-way ANOVA with multiple comparison tests at different
time points; p values < 0.05 were considered significant; ns: not significant.
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//www.mdpi.com/article/10.3390/ijms23094902/s1.

Author Contributions: Conceptualization, H.-C.L., C.-L.L., H.-W.C. and S.-J.L.; methodology, H.-C.L.,
W.-L.W. and Y.-L.H.; validation, S.-C.W. and S.-J.L.; investigation, H.-C.L. and M.-S.H.; data curation,
C.-Y.C. and K.-Y.S. writing—original draft preparation, H.-C.L.; writing—review and editing, S.-
J.L.; supervision, H.-W.C. and S.-J.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was funded by the Ministry of Health and Welfare (No. MOHW-109-TDUC222-
000010 to LCL) and the National Health Research Institutes (No. IV-110-PP-14, IV-110-GP-02, and
IV-1110-GP-06 to LSJ) of Taiwan.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of the NHRI (Protocol No: NHRI-IACUC-109077-A,
approval date: 1 May 2020).

Data Availability Statement: Not applicable.

Acknowledgments: SWE adjuvant was manufactured from SEPPIC under GMP and offered by
ELGIN Corporation. We acknowledge the Centers for Disease Control, Ministry of Health and
Welfare for providing SARS-CoV-2 and the ABSL3 team of NHRI for handling the virus in this
study. We also thank the Laboratory Animal Center and Pathology Core Laboratory of NHRI for
technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.

Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef] [PubMed]
2. Thomas, S.J.; Moreira, E.D., Jr.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Polack, F.P.; Zerbini,

C.; et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine through 6 Months. N. Engl J. Med. 2021, 385, 1761–1773.
[CrossRef] [PubMed]

3. Falsey, A.R.; Sobieszczyk, M.E.; Hirsch, I.; Sproule, S.; Robb, M.L.; Corey, L.; Neuzil, K.M.; Hahn, W.; Hunt, J.; Mulligan, M.J.;
et al. Phase 3 Safety and Efficacy of AZD1222 (ChAdOx1 nCoV-19) COVID-19 Vaccine. N. Engl. J. Med. 2021, 385, 2348–2360.
[CrossRef] [PubMed]

4. Our World in Data. Coronavirus (COVID-19) Vaccinations. Available online: https://ourworldindata.org/COVID-vaccinations
(accessed on 20 February 2022).

5. Cai, Y.; Zhang, J.; Xiao, T.; Peng, H.; Sterling, S.M.; Walsh, R.M., Jr.; Rawson, S.; Rits-Volloch, S.; Chen, B. Distinct conformational
states of SARS-CoV-2 spike protein. Science 2020, 369, 1586–1592. [CrossRef]

6. Walls, A.C.; Park, Y.J.; Tortorici, M.A.; Wall, A.; McGuire, A.T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-2
Spike Glycoprotein. Cell 2020, 183, 1735. [CrossRef]

7. Juraszek, J.; Rutten, L.; Blokland, S.; Bouchier, P.; Voorzaat, R.; Ritschel, T.; Bakkers, M.J.G.; Renault, L.L.R.; Langedijk, J.P.M.
Stabilizing the closed SARS-CoV-2 spike trimer. Nat. Commun. 2021, 12, 244. [CrossRef]

8. Pallesen, J.; Wang, N.; Corbett, K.S.; Wrapp, D.; Kirchdoerfer, R.N.; Turner, H.L.; Cottrell, C.A.; Becker, M.M.; Wang, L.; Shi, W.;
et al. Immunogenicity and structures of a rationally designed prefusion MERS-CoV spike antigen. Proc. Natl. Acad. Sci. USA
2017, 114, E7348–E7357. [CrossRef]

9. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260–1263. [CrossRef]

10. Watterson, D.; Wijesundara, D.K.; Modhiran, N.; Mordant, F.L.; Li, Z.; Avumegah, M.S.; McMillan, C.L.; Lackenby, J.; Guilfoyle,
K.; van Amerongen, G.; et al. Preclinical development of a molecular clamp-stabilised subunit vaccine for severe acute respiratory
syndrome coronavirus 2. Clin. Transl. Immunol. 2021, 10, e1269. [CrossRef]

11. Liang, J.G.; Su, D.; Song, T.Z.; Zeng, Y.; Huang, W.; Wu, J.; Xu, R.; Luo, P.; Yang, X.; Zhang, X.; et al. S-Trimer, a COVID-19 subunit
vaccine candidate, induces protective immunity in nonhuman primates. Nat. Commun. 2021, 12, 1346. [CrossRef]

12. Vogel, A.B.; Kanevsky, I.; Che, Y.; Swanson, K.A.; Muik, A.; Vormehr, M.; Kranz, L.M.; Walzer, K.C.; Hein, S.; Guler, A.; et al.
BNT162b vaccines protect rhesus macaques from SARS-CoV-2. Nature 2021, 592, 283–289. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23094902/s1
https://www.mdpi.com/article/10.3390/ijms23094902/s1
http://doi.org/10.1056/NEJMoa2035389
http://www.ncbi.nlm.nih.gov/pubmed/33378609
http://doi.org/10.1056/NEJMoa2110345
http://www.ncbi.nlm.nih.gov/pubmed/34525277
http://doi.org/10.1056/NEJMoa2105290
http://www.ncbi.nlm.nih.gov/pubmed/34587382
https://ourworldindata.org/COVID-vaccinations
http://doi.org/10.1126/science.abd4251
http://doi.org/10.1016/j.cell.2020.11.032
http://doi.org/10.1038/s41467-020-20321-x
http://doi.org/10.1073/pnas.1707304114
http://doi.org/10.1126/science.abb2507
http://doi.org/10.1002/cti2.1269
http://doi.org/10.1038/s41467-021-21634-1
http://doi.org/10.1038/s41586-021-03275-y
http://www.ncbi.nlm.nih.gov/pubmed/33524990


Int. J. Mol. Sci. 2022, 23, 4902 17 of 18

13. Corbett, K.S.; Edwards, D.K.; Leist, S.R.; Abiona, O.M.; Boyoglu-Barnum, S.; Gillespie, R.A.; Himansu, S.; Schafer, A.; Ziwawo,
C.T.; DiPiazza, A.T.; et al. SARS-CoV-2 mRNA vaccine design enabled by prototype pathogen preparedness. Nature 2020, 586,
567–571. [CrossRef] [PubMed]

14. Tian, J.H.; Patel, N.; Haupt, R.; Zhou, H.; Weston, S.; Hammond, H.; Logue, J.; Portnoff, A.D.; Norton, J.; Guebre-Xabier, M.;
et al. SARS-CoV-2 spike glycoprotein vaccine candidate NVX-CoV2373 immunogenicity in baboons and protection in mice. Nat.
Commun. 2021, 12, 372. [CrossRef] [PubMed]

15. Bos, R.; Rutten, L.; van der Lubbe, J.E.M.; Bakkers, M.J.G.; Hardenberg, G.; Wegmann, F.; Zuijdgeest, D.; de Wilde, A.H.;
Koornneef, A.; Verwilligen, A.; et al. Ad26 vector-based COVID-19 vaccine encoding a prefusion-stabilized SARS-CoV-2 Spike
immunogen induces potent humoral and cellular immune responses. NPJ Vaccines 2020, 5, 91. [CrossRef] [PubMed]

16. Lien, C.E.; Lin, Y.J.; Chen, C.; Lian, W.C.; Kuo, T.Y.; Campbell, J.D.; Traquina, P.; Lin, M.Y.; Liu, L.T.; Chuang, Y.S.; et al. CpG-
adjuvanted stable prefusion SARS-CoV-2 spike protein protected hamsters from SARS-CoV-2 challenge. Sci. Rep. 2021, 11, 8761.
[CrossRef] [PubMed]

17. Hsieh, S.M.; Liu, M.C.; Chen, Y.H.; Lee, W.S.; Hwang, S.J.; Cheng, S.H.; Ko, W.C.; Hwang, K.P.; Wang, N.C.; Lee, Y.L.; et al. Safety
and immunogenicity of CpG 1018 and aluminium hydroxide-adjuvanted SARS-CoV-2 S-2P protein vaccine MVC-COV1901:
Interim results of a large-scale, double-blind, randomised, placebo-controlled phase 2 trial in Taiwan. Lancet Respir. Med. 2021, 9,
1396–1406. [CrossRef]

18. Richmond, P.; Hatchuel, L.; Dong, M.; Ma, B.; Hu, B.; Smolenov, I.; Li, P.; Liang, P.; Han, H.H.; Liang, J.; et al. Safety and
immunogenicity of S-Trimer (SCB-2019), a protein subunit vaccine candidate for COVID-19 in healthy adults: A phase 1,
randomised, double-blind, placebo-controlled trial. Lancet 2021, 397, 682–694. [CrossRef]

19. Chappell, K.J.; Mordant, F.L.; Li, Z.; Wijesundara, D.K.; Ellenberg, P.; Lackenby, J.A.; Cheung, S.T.M.; Modhiran, N.; Avumegah,
M.S.; Henderson, C.L.; et al. Safety and immunogenicity of an MF59-adjuvanted spike glycoprotein-clamp vaccine for SARS-CoV-
2: A randomised, double-blind, placebo-controlled, phase 1 trial. Lancet Infect. Dis. 2021, 21, 1383–1394. [CrossRef]

20. Collin, N.; Dubois, P.M. The Vaccine Formulation Laboratory: A platform for access to adjuvants. Vaccine 2011, 29 (Suppl. S1),
A37–A39. [CrossRef]

21. Institute, V.F. SWE, an Squalene-in-Water Emulsion Adjuvant in Open-Access, for the Benefit of the Entire Vaccine Community.
Available online: https://www.vaccineformulationinstitute.org/activities/swe-adjuvant/ (accessed on 20 February 2022).

22. Westdijk, J.; Koedam, P.; Barro, M.; Steil, B.P.; Collin, N.; Vedvick, T.S.; Bakker, W.A.; van der Ley, P.; Kersten, G. Antigen sparing
with adjuvanted inactivated polio vaccine based on Sabin strains. Vaccine 2013, 31, 1298–1304. [CrossRef]

23. Vreman, S.; Stockhofe-Zurwieden, N.; Popma-de Graaf, D.J.; Savelkoul, H.F.J.; Barnier-Quer, C.; Collin, N.; Collins, D.; McDaid,
D.; Moore, A.C.; Rebel, J.M.J. Immune responses induced by inactivated porcine reproductive and respiratory syndrome virus
(PRRSV) vaccine in neonatal pigs using different adjuvants. Vet. Immunol. Immunopathol. 2021, 232, 110170. [CrossRef] [PubMed]

24. De Jonge, J.; van Dijken, H.; de Heij, F.; Spijkers, S.; Mouthaan, J.; de Jong, R.; Roholl, P.; Adami, E.A.; Akamatsu, M.A.; Ho,
P.L.; et al. H7N9 influenza split vaccine with SWE oil-in-water adjuvant greatly enhances cross-reactive humoral immunity and
protection against severe pneumonia in ferrets. NPJ Vaccines 2020, 5, 38. [CrossRef] [PubMed]

25. Sliepen, K.; van Montfort, T.; Melchers, M.; Isik, G.; Sanders, R.W. Immunosilencing a highly immunogenic protein trimerization
domain. J. Biol. Chem. 2015, 290, 7436–7442. [CrossRef] [PubMed]

26. Mintz, M.A.; Cyster, J.G. T follicular helper cells in germinal center B cell selection and lymphomagenesis. Immunol. Rev. 2020,
296, 48–61. [CrossRef]

27. Verstegen, N.J.M.; Ubels, V.; Westerhoff, H.V.; van Ham, S.M.; Barberis, M. System-level scenarios for the elucidation of t
cell-mediated germinal center b cell differentiation. Front. Immunol. 2021, 12, 734282. [CrossRef]

28. Zhuang, Z.; Lai, X.; Sun, J.; Chen, Z.; Zhang, Z.; Dai, J.; Liu, D.; Li, Y.; Li, F.; Wang, Y.; et al. Mapping and role of T cell response in
SARS-CoV-2-infected mice. J. Exp. Med. 2021, 218, e20202187. [CrossRef]

29. Liu, Y.; Hu, G.; Wang, Y.; Ren, W.; Zhao, X.; Ji, F.; Zhu, Y.; Feng, F.; Gong, M.; Ju, X.; et al. Functional and genetic analysis of viral
receptor ACE2 orthologs reveals a broad potential host range of SARS-CoV-2. Proc. Natl. Acad. Sci. USA 2021, 118, e2025373118.
[CrossRef]

30. Sia, S.F.; Yan, L.M.; Chin, A.W.H.; Fung, K.; Choy, K.T.; Wong, A.Y.L.; Kaewpreedee, P.; Perera, R.; Poon, L.L.M.; Nicholls, J.M.;
et al. Pathogenesis and transmission of SARS-CoV-2 in golden hamsters. Nature 2020, 583, 834–838. [CrossRef]

31. Craven, J. COVID-19 Vaccine Tracker. Available online: https://www.raps.org/news-and-articles/news-articles/2020/3
/COVID-19-vaccine-tracker (accessed on 26 February 2022).

32. Ott, G.; Barchfeld, G.L.; Chernoff, D.; Radhakrishnan, R.; van Hoogevest, P.; Van Nest, G. MF59. Design and evaluation of a safe
and potent adjuvant for human vaccines. Pharm. Biotechnol. 1995, 6, 277–296.

33. Kuo, T.Y.; Lin, M.Y.; Coffman, R.L.; Campbell, J.D.; Traquina, P.; Lin, Y.J.; Liu, L.T.; Cheng, J.; Wu, Y.C.; Wu, C.C.; et al.
Development of CpG-adjuvanted stable prefusion SARS-CoV-2 spike antigen as a subunit vaccine against COVID-19. Sci. Rep.
2020, 10, 20085. [CrossRef]

34. Ma, J.; Su, D.; Sun, Y.; Huang, X.; Liang, Y.; Fang, L.; Ma, Y.; Li, W.; Liang, P.; Zheng, S. Cryo-EM structure of S-Trimer, a subunit
vaccine candidate for COVID-19. J. Virol. 2021, 95, e00194-21. [CrossRef] [PubMed]

http://doi.org/10.1038/s41586-020-2622-0
http://www.ncbi.nlm.nih.gov/pubmed/32756549
http://doi.org/10.1038/s41467-020-20653-8
http://www.ncbi.nlm.nih.gov/pubmed/33446655
http://doi.org/10.1038/s41541-020-00243-x
http://www.ncbi.nlm.nih.gov/pubmed/33083026
http://doi.org/10.1038/s41598-021-88283-8
http://www.ncbi.nlm.nih.gov/pubmed/33888840
http://doi.org/10.1016/S2213-2600(21)00402-1
http://doi.org/10.1016/S0140-6736(21)00241-5
http://doi.org/10.1016/S1473-3099(21)00200-0
http://doi.org/10.1016/j.vaccine.2011.04.125
https://www.vaccineformulationinstitute.org/activities/swe-adjuvant/
http://doi.org/10.1016/j.vaccine.2012.12.076
http://doi.org/10.1016/j.vetimm.2020.110170
http://www.ncbi.nlm.nih.gov/pubmed/33383553
http://doi.org/10.1038/s41541-020-0187-4
http://www.ncbi.nlm.nih.gov/pubmed/32411401
http://doi.org/10.1074/jbc.M114.620534
http://www.ncbi.nlm.nih.gov/pubmed/25635058
http://doi.org/10.1111/imr.12860
http://doi.org/10.3389/fimmu.2021.734282
http://doi.org/10.1084/jem.20202187
http://doi.org/10.1073/pnas.2025373118
http://doi.org/10.1038/s41586-020-2342-5
https://www.raps.org/news-and-articles/news-articles/2020/3/COVID-19-vaccine-tracker
https://www.raps.org/news-and-articles/news-articles/2020/3/COVID-19-vaccine-tracker
http://doi.org/10.1038/s41598-020-77077-z
http://doi.org/10.1128/JVI.00194-21
http://www.ncbi.nlm.nih.gov/pubmed/33692215


Int. J. Mol. Sci. 2022, 23, 4902 18 of 18

35. Sekimukai, H.; Iwata-Yoshikawa, N.; Fukushi, S.; Tani, H.; Kataoka, M.; Suzuki, T.; Hasegawa, H.; Niikura, K.; Arai, K.; Nagata,
N. Gold nanoparticle-adjuvanted S protein induces a strong antigen-specific IgG response against severe acute respiratory
syndrome-related coronavirus infection, but fails to induce protective antibodies and limit eosinophilic infiltration in lungs.
Microbiol. Immunol. 2020, 64, 33–51. [CrossRef] [PubMed]

36. McMahan, K.; Yu, J.; Mercado, N.B.; Loos, C.; Tostanoski, L.H.; Chandrashekar, A.; Liu, J.; Peter, L.; Atyeo, C.; Zhu, A.; et al.
Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature 2021, 590, 630–634. [CrossRef] [PubMed]

37. Israelow, B.; Mao, T.; Klein, J.; Song, E.; Menasche, B.; Omer, S.B.; Iwasaki, A. Adaptive immune determinants of viral clearance
and protection in mouse models of SARS-CoV-2. Sci. Immunol. 2021, 6, eabl4509. [CrossRef]

38. Garcia-Beltran, W.F.; Lam, E.C.; St Denis, K.; Nitido, A.D.; Garcia, Z.H.; Hauser, B.M.; Feldman, J.; Pavlovic, M.N.; Gregory, D.J.;
Poznansky, M.C.; et al. Multiple SARS-CoV-2 variants escape neutralization by vaccine-induced humoral immunity. Cell 2021,
184, 2523. [CrossRef]

39. Wang, P.; Nair, M.S.; Liu, L.; Iketani, S.; Luo, Y.; Guo, Y.; Wang, M.; Yu, J.; Zhang, B.; Kwong, P.D.; et al. Antibody resistance of
SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature 2021, 593, 130–135. [CrossRef]

40. Edara, V.V.; Norwood, C.; Floyd, K.; Lai, L.; Davis-Gardner, M.E.; Hudson, W.H.; Mantus, G.; Nyhoff, L.E.; Adelman, M.W.;
Fineman, R.; et al. Infection- and vaccine-induced antibody binding and neutralization of the B.1.351 SARS-CoV-2 variant. Cell
Host Microbe 2021, 29, 516–521.e3. [CrossRef]

41. Planas, D.; Bruel, T.; Grzelak, L.; Guivel-Benhassine, F.; Staropoli, I.; Porrot, F.; Planchais, C.; Buchrieser, J.; Rajah, M.M.; Bishop,
E.; et al. Sensitivity of infectious SARS-CoV-2 B.1.1.7 and B.1.351 variants to neutralizing antibodies. Nat. Med. 2021, 27, 917–924.
[CrossRef]

42. Wu, K.; Werner, A.P.; Moliva, J.I.; Koch, M.; Choi, A.; Stewart-Jones, G.B.E.; Bennett, H.; Boyoglu-Barnum, S.; Shi, W.; Graham,
B.S.; et al. mRNA-1273 vaccine induces neutralizing antibodies against spike mutants from global SARS-CoV-2 variants. bioRxiv
2021. [CrossRef]

43. Choi, A.; Koch, M.; Wu, K.; Dixon, G.; Oestreicher, J.; Legault, H.; Stewart-Jones, G.B.E.; Colpitts, T.; Pajon, R.; Bennett, H.; et al.
Serum Neutralizing Activity of mRNA-1273 against SARS-CoV-2 Variants. J. Virol. 2021, 95, e0131321. [CrossRef]

44. Valleriani, F.; Mancuso, E.; Vincifori, G.; Teodori, L.; Di Marcantonio, L.; Spedicato, M.; Leone, A.; Savini, G.; Morelli, D.; Bonfini,
B.; et al. Neutralization of SARS-CoV-2 Variants by Serum from BNT162b2 Vaccine Recipients. Viruses 2021, 13, 2011. [CrossRef]
[PubMed]

45. Sacks, H.S. The Novavax vaccine had 90% efficacy against COVID-19 >/=7 d after the second dose. Ann. Intern. Med. 2021, 174,
JC124. [CrossRef] [PubMed]

46. Chai, K.M.; Tzeng, T.T.; Shen, K.Y.; Liao, H.C.; Lin, J.J.; Chen, M.Y.; Yu, G.Y.; Dou, H.Y.; Liao, C.L.; Chen, H.W.; et al. DNA
vaccination induced protective immunity against SARS CoV-2 infection in hamsterss. PLoS Negl. Trop. Dis. 2021, 15, e0009374.
[CrossRef] [PubMed]

http://doi.org/10.1111/1348-0421.12754
http://www.ncbi.nlm.nih.gov/pubmed/31692019
http://doi.org/10.1038/s41586-020-03041-6
http://www.ncbi.nlm.nih.gov/pubmed/33276369
http://doi.org/10.1126/sciimmunol.abl4509
http://doi.org/10.1016/j.cell.2021.04.006
http://doi.org/10.1038/s41586-021-03398-2
http://doi.org/10.1016/j.chom.2021.03.009
http://doi.org/10.1038/s41591-021-01318-5
http://doi.org/10.1101/2021.01.25.427948
http://doi.org/10.1128/JVI.01313-21
http://doi.org/10.3390/v13102011
http://www.ncbi.nlm.nih.gov/pubmed/34696441
http://doi.org/10.7326/ACPJ202111160-124
http://www.ncbi.nlm.nih.gov/pubmed/34724399
http://doi.org/10.1371/journal.pntd.0009374
http://www.ncbi.nlm.nih.gov/pubmed/34043618

	Introduction 
	Results 
	Design and Preparation of a Trimeric SARS-CoV-2 Spike Antigen 
	Vaccination of S-Trimer with SWE Elicits Robust Humoral Immunity in Mice 
	SWE Adjuvanticity Is Associated with the Induction of Tfh Cells and GC B Cells 
	SWE-Adjuvated S-Trimer Enhances the T-Cell Response 
	Humoral Immune Responses and Protective Efficacy in Vaccinated Syrian Hamsters 
	SWE-Adjuvanted S-Trimer Induces Cross-Neutralizing Activity against VOCs 

	Discussion 
	Materials and Methods 
	Production of SARS-CoV-2 S-Trimer 
	Animal Immunization 
	Immunoassay 
	ACE2 Competition ELISA 
	Neutralizing Antibody Analysis 
	Flow Cytometric Analysis 
	Cytokine Assay 
	ELISPOT Assay 
	Animal Challenge 
	H&E Staining 
	Statistical Analysis 

	References

