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ABSTRACT Despite the rapid deployment of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) vaccines, the emergence of SARS-CoV-2 variants and reports of
their immune evasion characteristics have led to an urgent need for novel vaccines that
confer potent cross-protective immunity. In this study, we constructed three different
SARS-CoV-2 spike S1-conjugated nanoparticle vaccine candidates that exhibited high
structural homogeneity and stability. Notably, these vaccines elicited up to 50-times-
higher neutralizing antibody titers than the S1 monomer in mice. Crucially, it was found
that the S1-conjugated nanoparticle vaccine could elicit comparable levels of neutraliz-
ing antibodies against wild-type or emerging variant SARS-CoV-2, with cross-reactivity to
SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV), the effect of
which could be further enhanced using our designed nanoparticles. Our results indicate
that the S1-conjugated nanoparticles are promising vaccine candidates with the
potential to elicit potent and cross-reactive immunity against not only wild-type
SARS-CoV-2, but also its variants of concern, variants of interest, and even other
pathogenic betacoronaviruses.

IMPORTANCE The emergence of SARS-CoV-2 variants led to an urgent demand for a
broadly effective vaccine against the threat of variant infection. The spike protein
S1-based nanoparticle designed in our study could elicit a comprehensive humoral
response toward different SARS-CoV-2 variants of concern and variants of interest
and will be helpful to combat COVID-19 globally.
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The pandemic of COVID-19 continues to strain the global public health system and
has caused millions of deaths (1). Despite strict restrictions of entry-and-exit poli-

cies implemented by all countries, global transmission of COVID-19 is not well con-
tained, and broad vaccination is touted as the only effective method for the control of
the pandemic (2).

The causative pathogen, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
is a member of the betacoronavirus family, which includes other highly pathogenic human
coronaviruses, SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV)
(3, 4). It is a single-stranded RNA virus containing four major structural proteins, whereby
the spike (S) protein on the surface of viral particles plays a critical role in virus-host cell
membrane attachment and fusion (5, 6). The spike protein comprises two subunits, S1 and
S2, of which S1 contains the broadly known receptor-binding domain (RBD) recognizing
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angiotensin-converting enzyme 2 (ACE2) as the receptor, and an N-terminal domain (NTD)
recently found to be involved in viral infection by interacting with another host tyrosine-
protein kinase receptor, UFO (AXL), as well as a C-terminal domain (CTD) required for mem-
brane fusion (7–13). Accordingly, most neutralizing antibodies were found to target S1,
which suggests that could be an ideal vaccine antigen (14, 15).

Since the outbreak of COVID-19, there have been intensive efforts to develop a vac-
cine, mostly focusing on the whole virus, spike protein, or the RBD as antigen (16, 17).
However, when the antigen is designed to be more immune focused, such as the RBD,
the pathogen specificity increases, leading to a decrease of cross-reactivity toward
multiple variants or sibling species (13, 18). Conversely, overexpansion of antigenic epi-
topes could undermine immune efficacy due to the induction of low-quality antibodies
(19). Therefore, a balanced strategy of antigen selection is critical for successful vaccine
design. As antibodies against the NTD and the NTD-recognizing receptor were found,
the importance of the NTD in eliciting additional neutralizing antibodies beyond RBD-
specific antibodies suggests that S1 may provide better protection than RBD, without
introducing relatively immune-redundant domains by using the whole spike protein as
an immunogen (20–24). Accordingly, S1 could be an ideal antigen to counter the cur-
rent threat of the wide transmission of SARS-CoV-2 variants.

SARS-CoV-2 variants have become a major threat to global disease control, and the
variants of concern (VOCs) identified by the World Health Organization are character-
ized by different degrees of resistance to available antibodies and vaccines, as well as a
higher propensity to cause severe disease, necessitating the development of vaccines
that confer robust cross-reactive immunity against rapidly emerging SARS-CoV-2 var-
iants (25–31). Thus, whether S1 could be a vaccine candidate to meet this urgent need
to counter VOCs deserves further investigation. However, the isolation of S1 from the
trimeric spike protein, similar to the RBD, results in an alternation of its state into a
monomer and loss of orientation found in the original protein structure, which could
impair its immunogenicity due to a lack of multivalency and decrease in antigen size
(32–37). Nanoparticles (NPs) are gradually becoming a mature platform for antigen
delivery with multivalency and increased size, and recombinant expression of antigen-
bearing nanoparticles has become a new challenge for vaccine development due to
increased structural complexity during nanoparticle assembly (38–40). Since covalent
protein conjugation has been widely used in protein modification, we adopted a simi-
lar strategy to construct S1 nanoparticles (41–43).

Here, we produced S1 nanoparticles with different degrees of multivalency. All
nanoparticles were thermostable and homogenous under typical conditions, allowing
easy transport and storage. Immunization of mice showed that S1 nanoparticles could
elicit more robust humoral immunity than the S1 monomer, leading to higher neutral-
izing antibody titers against both ancestral SARS-CoV-2 and VOCs in a dose-dependent
manner. Notably, the S1 nanoparticle-elicited sera exhibited cross-reactivity to SARS-
CoV and MERS-CoV. Thus, this platform may be more competitive for vaccine develop-
ment in the fight against future SARS-CoV-2 variants or other betacoronaviruses.

RESULTS
Design of SARS-CoV-2 S1-based nanoparticle immunogens. SARS-CoV-2 spike

protein has been exploited as a major antigen for protein- or nucleic acid-based vac-
cines, which have been widely used. The spike protein can be proteolytically cleaved
into a membrane-distal S1 subunit and a membrane-proximal S2 subunit at the furin
cleavage site (Fig. 1A) (10). The S1 subunit consists of a receptor-binding domain (RBD)
and an N-terminal domain (NTD), which binds to the host receptor, human angioten-
sin-converting enzyme 2 (ACE2), to initiate the process of viral attachment, and a C-ter-
minal domain (CTD) (Fig. 1B). To date, most potent neutralizing antibodies against
SARS-CoV-2 target the RBD and NTD, and thus we adopted the S1 subunit as the
antigen for vaccine design (15, 44). To improve immunogenicity and adjust the orienta-
tion of the S1 monomer, we presented S1 antigen on the surface of the protein
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FIG 1 Design and construction of S1-conjugated nanoparticles. Shown is a structural representation of SARS-CoV-2 spike protein. (A) The
SARS-CoV-2 spike consists of two segments, S1 and S2 (light yellow), and the S1 segment includes NTD (light blue), RBD (dark green), and
CTD (light green). (B) Structural representation and construction of S1-conjugated nanoparticle components. The S1 domain was conjugated
to the nanoparticle ferritin, mi3, or I53-50 by the formation of a covalent bond between SpyTag and SpyCatcher. (C) SDS-PAGE of the S1
monomer and three S1-conjugated nanoparticles. The conjugated nanoparticles were resisted to the DTT reduction. (D) Size exclusion
chromatography (SEC) of the S1 monomer, unconjugated nanoparticles, and S1-conjugated nanoparticles. After conjugation, the molecular
weight of nanoparticles significantly increased. The normalized A280 absorbance curve is presented.
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nanoparticles through the covalent amide bond formed by the SpyTag-SpyCatcher sys-
tem. The SpyCatcher-SpyTag system consists of the 138-residue SpyCatcher and the
15-residue SpyTag, which autocatalytically form a covalent bond, making this system
ideal for designing complex macromolecular assemblies with different compositions
(45).

Three kinds of nanoparticles were designed, including octahedral 24-meric ferritin,
dodecahedral 60-meric mi3, and icosahedral 120-meric I53-50 (Fig. 1B). The nanoparticles
were fused with a SpyCatcher on the N terminus, while S1 was fused with a SpyTag on the
C terminus. The nanoparticle based on ferritin from Helicobacter pylori was self-assembled
from 24 identical subunits into a spherical particle octahedral symmetry (46). The mi3 NP
protein, optimized from the computationally designed I3-01 to increase uniformity and
stability, could self-assemble into a dodecahedral particle (47). Finally, the I53-50 NP was
coassembled from 20 trimeric I53-50A and 12 pentameric I53-50B subunits to form an ico-
sahedral nanoparticle (48, 49). These three nanoparticles were found to be safe, stable,
and easy to produce in previous studies (32, 50–52).

Preparation and characterization of S1-based nanoparticle vaccines. S1 geneti-
cally fused with a C-terminal SpyTag was cloned into a mammalian expression vector
for transient transfection of Expi293F cells. The supernatant of cell cultures was col-
lected for immobilized-metal affinity chromatography (IMAC) and size exclusion chro-
matography (SEC) to purify the recombinant S1-SpyTag monomer. Subunits of the
nanoparticles, including SpyCatcher-ferritin, SpyCatcher-mi3, and SpyCatcher-I53-50A
and -I53-50B proteins, were expressed in Escherichia coli and purified by Ni-nitrilotriace-
tic acid (NTA) affinity chromatography followed by SEC (Fig. 1C and D).

The ferritin and mi3 subunits could spontaneously self-assemble into a nanoparticle
(NP) upon expression in host cells, while the two components of I53-50 NP, I53-50A
and I53-50B, were incubated together to assemble into complete particles in vitro. In
order to conjugate S1-SpyTag to the SpyCatcher-NP, the SpyCatcher-NPs were incu-
bated with S1-SpyTag for covalent conjugation, and SEC was then applied to further
purify the S1-conjugated nanoparticles and remove the remnants. The SDS-PAGE
results showed that S1 was successfully conjugated to the nanoparticles, and the
resulting covalent bond was resistant to the denaturant dithiothreitol (DTT) (Fig. 1C).
Following conjugation of S1, the overall size and total weight of the nanoparticles sig-
nificantly increased in comparison with those of the S1 monomer or unconjugated
NPs, as determined by SEC (Fig. 1D).

To further investigate the conjugation efficiency and protein stability, we tested dif-
ferent incubation ratios of S1-SpyTag and SpyCatcher-NP, as well as different storage
conditions. It was first observed that unconjugated SpyCatcher-NPs were gradually
depleted with the increased amount of S1-SpyTag, and at a SpyCatcher-NP ratio of 1:8,
nearly complete conjugation to S1-SpyTag was achieved (Fig. 2A). This result demon-
strated that the 1:8 molar concentration ratio of SpyCatcher-NPs and S1-SpyTag was
appropriate for in vitro conjugation, since the complete conjugation was crucial for
ensuring the uniformity of the produced S1 nanoparticles. Then, we evaluated the pro-
tein stability of S1 nanoparticles at different storage temperatures. We stored the S1-
SpyTag monomer and three S1-conjugated nanoparticles at –80°C, 4°C, 25°C, and 37°C
for 2 weeks to determine the occurrence of any degradation, deconjugation, or disas-
sembly. The results showed that all nanoparticles remained stable after 2 weeks of
storage at the tested temperatures (Fig. 2B).

In order to directly observe the structure of S1 nanoparticles, we used negative-
staining electron microscopy (EM) (Fig. 3A). The images showed that all the nanopar-
ticles were monodispersed particles, and S1-conjugated nanoparticles displayed a
rougher surface than the unconjugated nanoparticles. Dynamic light scattering (DLS)
was then used to measure the diameters of the nanoparticles (Fig. 3B). After conjuga-
tion, the hydrodynamic diameter of S1-conjugated nanoparticles was increased, while
the homogeneity of each particle type remained unaffected, which was in accordance
to the predicted structural diagram and structures deduced from EM images.
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To summarize, we successfully produced three S1 nanoparticles of different sizes
and S1 valences and determined their structural characteristics and protein stability. It
was shown that the production of S1 nanoparticles through the covalent conjugation
strategy could achieve both high efficiency and great structural stability, while the
increased valency and overall size could benefit antigen presentation and recognition,
facilitating the immune response, which was further investigated in our study.

In vitro antigenicity characterization of S1 nanoparticles. To study the in vitro
antigenicity of S1 nanoparticles, we purified human ACE2 and two neutralizing anti-
bodies, CB6 against RBD and 4A8 against NTD. We further measured the binding affin-
ity of monomeric S1 and three nanoparticles for the purified receptor and antibodies
by biolayer interferometry (BLI), to assess any changes of S1 antigenicity after conjuga-
tion to the nanoparticles (Fig. 4 and Table 1). As the receptor of SARS-CoV-2, ACE2
binds to the RBD and mediates viral entrance into host cells, and its binding affinity
reflects the integrity of the RBD as part of the S1 antigen. In contrast, CB6 is a neutraliz-
ing monoclonal antibody (MAb) isolated from a patient convalescing from COVID-19,
which was reported to bind the RBD and introduce steric hindrance as well as direct
competition to the binding of ACE2 (53). Similarly, 4A8, is another potent neutralizing
monoclonal antibody that binds to the NTD and is speculated to restrain the conforma-
tional change of the S protein (22). Determination of the binding affinity to these anti-
bodies can be used as a proxy for the preservation of the neutralizing epitopes on the
RBD and NTD of S1, reflecting antigen integrity as well as the exposure of neutralizing
epitopes in our designed vaccine candidates (54).

Notably, all three S1-conjugated nanoparticles displayed higher binding affinity to
ACE2 and the two antibodies recognizing different domains of S1 (Table 1), and the
dissociation of the nanoparticles from both receptor and antibodies was notably

FIG 2 Assembly efficiency and the storage stability of S1-conjugated nanoparticles. (A) SDS-PAGE assembling assays of
S1-SpyTag and SpyCatcher-nanoparticle scaffolds at different mixing ratios. As the ratio of SpyCatcher-ferritin/mi3/I53-
50A1.PT1 and S1 reached 1:8, the remnant unconjugated nanoparticle scaffolds were almost depleted, suggesting that
the nanoparticles were fully conjugated with S1 at high superficial abundance. (B) SDS-PAGE assembling assays of
S1-SpyTag and SpyCatcher-nanoparticle at different temperatures. No significant degradation or aggregation was
observed among S1 monomer or S1 nanoparticles.
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delayed. Especially, after conjugation to nanoparticles, the binding affinity for the NTD-
specific antibody 4A8 was significantly increased over 30-fold. These results indicated
that the S1-conjugated nanoparticles had a superior binding affinity to the specific
antibodies or B cell receptor (BCR) compared to the S1 monomer.

Immunization with S1-based nanoparticles induced potent neutralizing anti-
bodies against SARS-CoV-2. Since S1-conjugated nanoparticles exhibited high stability
and improved antigenicity, we examined their efficacy in eliciting an immune response
in vivo. BALB/c mice were immunized with 0.5 or 5 mg S1 monomer or an equimolar
amount of the monomer displayed on S1-mi3 NP, S1-ferritin NP, or S1-I53-50 NP at 0, 2
and 4 weeks (Fig. 5A). The injected immunogens were all formulated with 50% (vol/vol)
MF59 adjuvant, and mice injected with phosphate-buffered saline (PBS) incorporating
50% adjuvant were included as a negative-control group. Serum samples were collected
10 days after each immunization.

FIG 3 Structural characterization of S1 nanoparticles shows increased size of nanoparticles and preserved
high uniformity. (A) Negative-staining electronic microscopy (EM) of unconjugated nanoparticles and S1-
conjugated nanoparticles. After conjugation, the outer surface of nanoparticles was thickened, and the
diameters of nanoparticles were increased. (B) Dynamic light scattering (DLS) of unconjugated nanoparticles
and S1-conjugated nanoparticles. The hydrodynamic diameter of S1 antigen, unconjugated nanoparticles,
and S1-conjugated nanoparticles is displayed. The mean normalized intensity from 3 replicate experiments is
presented.
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We first measured the serum binding titer (total anti-S1 IgG) as well as the IgG1 and
IgG2a titers of each group (Fig. 5B). The S1 nanoparticles elicited binding antibody titers
equivalent or superior to those elicited by the S1 monomer, regardless of antibody sub-
types. Furthermore, mice immunized with vaccines containing a higher valency of the S1
component were able to generate higher peak serum binding titers. Additionally, it was
observed that the three S1 nanoparticles could elicit higher titers of the IgG2a subtype
than monomeric S1, indicating the transition to a preferentially Th1-type immune
response, which may benefit the clearance of pathogens (55–57). However, the S1-mi3
nanoparticle elicited an inferior response at a dose of 5 mg, which was similar to the
effect of the same dose of S1 monomer in terms of total binding titer. To further investi-
gate the effect of the elicited sera in blocking viral infection, we used a competitive bind-
ing assay to determine the binding epitopes of serum antibodies, which was directly
associated with the neutralization efficiency. By saturation of SARS-CoV-2 S1 captured on
the biosensors with different concentrations of mouse sera from groups immunized with
NP amounts equimolar to 5 mg S1 at day 38, the competition of ACE2 or antibodies CB6
and 4A8 by serum antibody in binding with S1 could be observed (Fig. 5C and D). It was
observed that the overall competition was in accordance with the binding titer. The S1-
ferritin NP and S1-I53-50 NP groups displayed approximately 4- to 5-times-stronger com-
petition with ACE2 and the two antibodies than the S1 monomer, while S1-mi3 NP was
similar to the S1 monomer. Nevertheless, the sera from all groups immunized with S1
components included antibodies targeting the RBD and NTD regions, as suggested by
the strong competition with CB6 binding to the RBD and 4A8 binding to the NTD.

To confirm whether the generated antibodies could neutralize viral infection, we
performed authentic virus and pseudovirus neutralization assays to determine the

FIG 4 Antigenicity characterization of S1-SpyTag and S1-conjugated nanoparticles. The S1 monomer and S1-based nanoparticles are associated with the
CB6 and 4A8 captured on the ProA biosensors or with ACE2 captured on SA by biolayer interferometry to determine the binding capabilities. The detailed
kinetic parameters (KD, Kon, and Koff) are presented in Table 1.
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efficacy of the elicited mouse sera. With the increase of vaccination dose and with revac-
cination, the 50% neutralizing titer (NT50) of mouse sera against authentic wild-type
SARS-CoV-2 increased. Moreover, S1 nanoparticles displayed a significant advantage
over the S1 monomer (Fig. 6A). After a 3-dose immunization with a dose of NPs equimo-
lar to 5 mg of S1, S1-ferritin NP and S1-I53-50 NP could elicit over 5-times-higher neutral-
izing antibody titers than S1 monomer, and even the titer elicited by S1-mi3 NP was
nearly 3 times higher. Moreover, when the dose of each immunization was limited to
0.5mg, the superiority of S1 nanoparticles was even more dramatic, and the average titer
ratios of S1-ferritin NP, S1-mi3 NP, and S1-I53-50 NP to S1 monomer were 30, 8, and 39,
respectively. Although S1-mi3 NP was inferior to the other two nanoparticles in terms of
the elicited neutralizing antibody titer, which exhibited a similar trend to the serum bind-
ing titer, the S1-conjugated nanoparticles showed a clear advantage in inducing neutral-
izing antibodies against SARS-CoV-2 infection, especially when the antigen dose was
relatively lower.

S1 nanoparticles elicited higher titers of cross-reactive neutralizing antibodies
against SARS-CoV-2 variants and other coronaviruses. After confirming the protec-
tive effect of the S1 nanoparticle vaccination against wild-type SARS-CoV-2, we
explored whether there was still a neutralizing effect of the elicited antibodies
against common VOCs, including the Alpha, Beta, Gamma, Delta, Lambda, and
Omicron variants. Corresponding pseudoviruses were produced by introducing
genes encoding the spike proteins from different variants into a lentiviral vector,
which produced a luciferase signal after infection. The results confirmed that S1
nanoparticles elicited neutralizing antibody titers against wild-type SARS-CoV-2
pseudovirus equivalent or superior to those of the S1 monomer, regardless of the
0.5- or 5-mg immunization dose (Fig. 6B). Moreover, similar results were observed
with the tested SARS-CoV-2 variants (Fig. 6C). In detail, the ratio of the advantage of
the neutralizing antibody titer elicited by S1 nanoparticles over the titer elicited by
S1 monomer varied from 4 to 10 across the assays, and the overall titers against dif-
ferent strains were quite close, suggesting that neutralizing antibodies induced by

TABLE 1 Kinetic analysis of reactions of the S1 monomer and S1-conjugated nanoparticle
vaccines to SARS-CoV-2 MAbs and ACE2 receptor

Kinetic assay pair

Result fora:

KD Kon Koff

M SE 1/M � s SE 1/s SE
CB6 antibody
S1 5.48E209 1.52E210 2.43E105 4.26E103 1.33E203 2.86E205
S1-ferritin NP ,1.0E212 1.78E210 6.07E104 7.90E102 ,1.0E207
S1-mi3 NP ,1.0E212 2.69E210 5.71E104 1.11E103 ,1.0E207
S1-I53-50 NP ,1.0E212 1.01E210 8.64E104 7.07E102 ,1.0E207

4A8 antibody
S1 3.41E208 1.03E209 2.34E105 6.63E103 7.97E203 7.83E205
S1-ferritin NP 1.18E209 1.53E210 5.14E104 5.96E102 6.07E205 7.83E206
S1-mi3 NP ,1.0E212 1.89E210 5.49E104 8.23E102 ,1.0E207
S1-I53-50 NP 7.36E211 5.86E211 7.39E104 3.36E102 5.44E206 4.33E206

ACE2 receptor
S1 1.13E208 2.30E210 1.34E105 1.94E103 1.51E203 2.15E205
S1-ferritin NP 5.47E210 1.50E210 4.35E104 4.68E102 2.38E205 6.52E206
S1-mi3 NP ,1.0E212 1.95E210 5.59E104 8.29E102 ,1.0E207
S1-I53-50 NP 1.04E210 5.77E211 8.90E104 4.45E102 9.23E206 5.13E206

aShown are the binding kinetics of S1-based immunogens and SARS-CoV-2 MAbs (CB6 and 4A8) or ACE2
receptor determined by biolayer interferometry. The kinetic parameter is summarized in the table. KD, affinity
constant; Kon, kinetic constant of associations; Koff, kinetic constant of dissociations. The KD value is calculated
from Koff/Kon.

Cross-Reactive Responses Induced by S1-NP Vaccine Journal of Virology

July 2022 Volume 96 Issue 13 10.1128/jvi.00383-22 8

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00383-22


FIG 5 Immunization of S1 nanoparticle vaccine in mice elicited a higher antibody titer with stronger competition to ACE2 and neutralizing antibodies. (A)
Diagram of the 3-dose mouse immunization schedule. All mice received 3-dose vaccinations on days 0, 14, and 28, and their blood samples were
harvested 10 days after each immunization for the experiment. (B) Serum total IgG, IgG1, and IgG2a antibody titers of mice immunized with the S1
monomer or S1 nanoparticles at an equal molar ratio of 0.5 mg or 5 mg S1. The mean titer from 5 mice from each group with the standard deviation (SD)
of each group is presented. Two-way analysis of variance (ANOVA) with Dunnett’s multiple-comparison test was performed to calculate the statistical
significance between S1 and each S1 nanoparticle at different immunization points. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001. (C) Serum
competitive assay with ACE2 and neutralizing antibodies CB6 and 4A8. The competitive binding signal of ACE2, CB6, and 4A8 in the presence of serially
diluted serum from the 5-mg dose groups at day 38 is presented. A lower binding signal indicated a stronger competition between certain dilution level of
serum and ACE2, CB6, or 4A8. (D) Heat maps of the relative competition level of serum to ACE2 and neutralizing antibodies CB6 and 4A8. The relative
competition at each dilution level was based on ratio of the final binding signal of a certain diluted serum curve (Bindc) and the non-serum curve (Bind0)
and was calculated by (1 2 Bindc)/Bind0. A darker color in each heat map indicates a stronger competition.
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FIG 6 Authentic and pseudovirus neutralization assays displayed robust and cross-reactivity of serum antibody against SARS-CoV-2 variants
and other betacoronaviruses elicited by S1 nanoparticle vaccines. (A) Authentic SARS-CoV-2 virus neutralization assay of mice sera from 0.5-mg

(Continued on next page)
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wild-type S1 antigen still effectively blocked the cell entry of SARS-CoV-2 variant
pseudoviruses (Fig. 6D).

As SARS-CoV-2 belongs to the betacoronavirus family, which includes other human-
pathogenic viruses, the homology of spike protein sequences may allow S1-based
immunogens to elicit cross-reactive antibodies against sibling species (5, 58–61).
Therefore, we also produced SARS-CoV and MERS-CoV pseudoviruses to investigate
the cross-neutralization effect. As expected, the neutralizing antibody titers against
SARS-CoV and MERS-CoV of sera from SARS-CoV-2 S1-immunized mice were signifi-
cantly lower than those against SARS-CoV-2 pseudovirus (Fig. 6B). However, the S1
nanoparticles still elicited neutralizing titers equivalent or superior to those of the S1
monomer, in the same manner as in the SARS-CoV-2 neutralization assays.

DISCUSSION

The pandemic of SARS-CoV-2 has caused over 250 million confirmed cases globally,
including over 5 million deaths (1). Since the outbreak, intensive efforts have been
focused on vaccine development, and several vaccines entered clinical trials at unprec-
edented speed and have been widely applied in the population (62, 63). However, the
rapid emergence of SARS-CoV-2 variants tempered the initial optimism of containing
the pandemic through vaccination. Among the currently documented VOCs, the Beta,
Gamma, Delta, and Omicron variants were reported to exhibit a significant capacity to
escape neutralization by wild-type-elicited antibodies, and clinical investigations indi-
cated that Beta, Omicron, and Delta variants possibly reduced the protective effect of
vaccination against symptomatic disease (64, 65). The present epidemiological situa-
tion required new vaccination strategies that elicit potent and cross-protective
immune response. We therefore also investigated whether our designed vaccines
could effectively elicit protection against spreading SARS-CoV-2 variants, in addition to
measuring neutralizing antibody titers against wild-type SARS-CoV-2.

Most vaccines against SARS-CoV-2 currently target the S protein, which consists of a
membrane-distal S1 subunit and a membrane-proximal S2 subunit. The S1 subunit
includes an N-terminal domain (NTD), a receptor-binding domain (RBD) that binds to the
cellular ACE2 receptor, and a C-terminal domain (CTD) (12). Numerous studies found
that neutralizing antibodies target the RBD, further confirming its promising potential as
an immunogen for vaccine design (14, 66, 67). However, the newly emerging VOCs har-
bor a variety of mutations in the RBD region that significantly alter its antigenicity,
decreasing the binding affinity of neutralizing antibodies and diminishing the sensitivity
to antibodies and vaccine-elicited sera (68–70). In contrast to the RBD, the NTD received
far less attention due to its uncertain role in viral infection. Recently, the neutralizing
antibody 4A8 targeting NTD was found to have strong neutralizing activity against
SARS-CoV-2, and AXL was found to be a host receptor for SARS-CoV-2 infection binding
to the NTD region of spike protein. These results suggested that NTD may be critical
for viral infection as well, and its value in vaccine development deserved further
investigation.

Since the emergence of SARS-CoV-2 VOCs, the efficacy and breadth of licensed vac-
cine-elicited sera to neutralization activity have diminished. However, all SARS-CoV-2
vaccines approved and authorized for emergency use were developed and produced
based on the sequence of the wild-type strain, so the neutralization capacity of vac-
cine-induced sera in mice or nonhuman primates to circulating VOCs remains poorly

FIG 6 Legend (Continued)
and 5-mg dose groups after 1st boost and 2nd boost immunization based on the cytopathic effect (CPE) method. The neutralization titer is
represented by NT50, indicating the serum titer inhibiting 50% of CPE. (B) Pseudovirus SARS-CoV-2, MERS-CoV, and SARS-CoV neutralization
assay of mice sera from the 0.5-mg and 5-mg dose groups after 2nd boost immunization. (C) Variant neutralization assay of pseudovirus SARS-
CoV-2 variants of concern (VOCs) Alpha, Beta, Gamma, Delta, Lambda, and Omicron of mice sera from the 5-mg dose group after the 2nd
boost immunization. The neutralization titer of groups in panels B and C is represented by ID50, indicating the serum titer inhibiting 50% of
the luciferase signal. (D) Pseudovirus neutralization titer ID50 heat map. Darker red represents a higher neutralization titer. The individual and
mean titer from all 5 mice in each group are presented in panels B to D. The Kruskal-Wallis test was performed to calculate the statistical
significance between S1 and each S1 nanoparticle. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns, not significant.
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understood, especially for the emerging Omicron variants (71). In this study, we
observed that three S1-conjugated nanoparticle vaccines induced a robust and broad
antibody response to SARS-CoV-2 VOCs and also elicited a certain level of neutralizing
antibodies against the other betacoronaviruses. Dose-sparing vaccination also induced
comparable neutralizing antibody titers, which is essential for “good manufacturing
practice” (GMP) production and for popularization and use in low-income countries.
Due to the induction of a potent and durable antibody response by the vaccine, the
protein-based nanoparticle platforms for next-generation vaccines, including genetic
fusion, chemical conjugation, and protein coupling methods to attach antigens on
nanoparticles, have been widely developed to combat global emerging infectious dis-
eases in recent years, such as influenza and AIDS. Our and other research groups devel-
oped the protein-based presentation platforms (such as 24-meric ferritin, 60-meric LS,
I3-01 [mi3], and E2P, and 120-meric I53-50) using genetic fusion or coupling strategies
to design and produce self-assembled RBD or prefusion spike-based nanoparticle vac-
cine (72–75). Although these nanoparticle vaccines induced high antibody titers to
neutralize SARS-CoV-2 and provided protection against SARS-CoV-2 infection, discrep-
ancies may arise due to differences in the size, flexibility, antigen valency, and spacing
of nanoparticle immunogens and adjuvant. In addition, how these critical factors affect
the humoral immune responses induced by nanoparticle vaccine needs to be further
explored. Prior studies have clarified that multivalent HIV antigens with more valency
(8-mer and 60-mer) preferentially activated the cognate B cell response and induced
higher titers than antigens with less valency (1-mer and 4-mer) (33). Here, we observed
that vaccination with 24-mer S1-ferritin NP and 120-mer S1-I53-50 induced higher neu-
tralizing antibodies in mice than vaccination with 60-mer S1-mi3. We speculated the
possible reason is that the orientations and angles of S1 antigen displayed on the sur-
face of mi3 nanoparticles are different, which affects the conjugated efficacy and
results in less exposure of accessible epitopes.

In this study, the SpyCatcher-SpyTag system was used to covalently link S1 to protein-
based self-assembling nanoparticles. This design allowed the independent production
and purification of antigen and nanoparticles, accelerating the general vaccine develop-
ment process. Homogeneity and stability were then tested to validate successful produc-
tion and characterize the nanoparticle vaccine candidates. All three designs exhibited
considerable homogeneity, especially S1-ferritin NP and S1-I53-50 NP, which is vital to
avoid unnecessary risks of vaccination, as well as stability at different storage tempera-
tures, which is critical to lower the costs of storage and transportation and make vaccines
more accessible. We then compared the efficacy of our designed S1-conjugated nanopar-
ticles with that of the S1 monomer in eliciting protection against SARS-CoV-2, its variants,
and other pathogenic betacoronaviruses. We found that presenting S1 on the surface of
our designed nanoparticles greatly enhanced its antigenicity and induced much higher
neutralizing activities against pseudoviruses. Furthermore, these S1-based antigens eli-
cited comparable levels of neutralizing antibodies against wild-type SARS-CoV-2 and its
variants. Moreover, S1-I53-50 NP also induced considerable protection against cell entry
by SARS-CoV and MERS-CoV pseudoviruses. As SARS-CoV-2 VOCs are spreading widely
and new variants are expected to emerge, our study provides important tools for the de-
velopment of more advanced vaccines in the near future.

MATERIALS ANDMETHODS
Cells and viruses. HEK293T cells stably expressing human ACE2 (hACE2-293T) were generated by

transducing HEK293T cells with recombinant lentivirus expressing hACE2. The positive hACE2-293T cells
were selected based on puromycin resistance. Vero E6, Vero, and Huh-7 cells were purchased from
ATCC. All adherent cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 U/mL of penicillin, and 100 mg/mL of streptomycin at 37°C with 5%
CO2. Expi293F cells were cultured in 293 cell culture medium (Union-Biotech [Shanghai] Co., Ltd.; catalog
no. UP1000) in conical shake flasks at 120 rpm, 37°C, and 5% CO2. All cultured cell lines were free of
mycoplasma. The SARS-CoV-2 virus strain (Guangdong/2020XN4276-P0037/2020) was isolated from a
female COVID-19 patient in Guangzhou (GISAID no. EPI_ISL_413859), passaged six times in Vero E6 cells,
and frozen at –80°C in a biosafety level 3 (BSL3) laboratory.
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Gene synthesis and plasmid construction. The gene fragments encoding SARS-CoV-2 S1 (residues
16 to 685, GenBank no. MN908947) and human ACE2 (residues 19 to 615, GenBank no. NM_021804)
were codon optimized for human cells and synthesized by GenScript, and then they were cloned into
mammalian expression vector VRC8400 using a single restriction site (BamHI). All plasmids constructed
for eukaryotic expression contained a consensus Kozak sequence and signal peptide sequence at the N
terminus of the protein of interest for protein secretion, as well as an octahistidine tag at the C terminus
for purification. A 13-residue SpyTag was added to the C terminus of S1 for the construction of S1-
SpyTag. SpyCatcher-ferritin, SpyCatcher-mi3, SpyCatcher-I53-50A1.1PT1, and I53-50B.4PT1 fused with a
hexahistidine tag were codon optimized and synthesized by GenScript and then cloned into a modified
pET28a1 expression vector as described previously. To generate SARS-CoV-2-specific monoclonal anti-
bodies (MAbs), the IgG heavy- and light-chain variable region gene sequences of CB6 MAb (GenBank no.
MT470196 and MT470197) and 4A8 MAb (GenBank no. MT622682.1 and MT622683.1) were codon opti-
mized for human cells and synthesized by GenScript, and then they were cloned into expression vectors
containing the IgG1 constant region.

Protein expression and purification in HEK293F cells. Expi293F cells at a concentration of 1.5� 106/mL
were transiently transfected with plasmid expressing soluble SARS-CoV-2 S1 with or without a 13-residue
SpyTag or soluble hACE2 using polyethylenimine (PEI) (Polysciences, Inc.; catalog no. 24675-1) to generate solu-
ble S1-SpyTag and hACE2 proteins. Five days after transfection, culture supernatants containing the recombi-
nant proteins were collected and centrifuged to discard cell debris. The supernatants were filtered through a
0.22-mm-pore-size vacuum-driven filter (Guangzhou Jet Bio-Filtration Co., Ltd.; catalog no. FPE204000) and
applied to a gravity column loaded with Ni Sepharose Excel nickel resin (Cytiva, Inc.; catalog no. 17371201) and
washed with a mixture of 50 mM Tris-HCl (pH 7.0), 300 mM NaCl, and 30 mM imidazole, followed by elution of
the protein of interest with a mixture of 50 mM Tris-HCl (pH 8.0), 300 mM NaCl, and 300 mM imidazole. After
elution, the purified proteins were concentrated and additionally purified by size exclusion chromatography
(SEC) using a Superose 200 Increase 10/300 GL column equilibrated with 50 mM HEPES (pH 8.0) and 300 mM
NaCl. SARS-CoV-2 S-specific monoclonal antibodies CB6 (53) and 4A8 (22) were produced and purified similarly.
The filtered supernatants were applied to gravity column loaded with protein A resin (GenScript; catalog no.
L00210-50), washed with PBS, and eluted with 0.2 M glycine (pH 3.0).

Protein expression and purification in E. coli. The SpyCatcher-ferritin, SpyCatcher-mi3, SpyCatcher-
I53-50A1.1PT1 and I53-50B.4PT1 proteins were expressed and purified as described previously, with minor
modifications as follows. Rosetta(DE3) cells carrying the indicated expression plasmid were cultured in
Terrific Broth (TB) medium supplemented with 50 mg/mL kanamycin and 33 mg/mL chloramphenicol at
37°C with shaking at 200 rpm. After incubation for 16 h, 3-L baffled shaker flasks containing 1 L of TB me-
dium with 50 mg/mL kanamycin and 33 mg/mL chloramphenicol were inoculated with the 10-mL culture,
incubated for an additional 3 h under the same conditions, and induced by the addition of 1 M isopropyl-
b-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM, followed by protein expression for 20
h at 18°C. Cells were collected by centrifugation and resuspended in lysis buffer consisting of 50 mM
HEPES (pH 8.0), 300 mM NaCl, 30 mM imidazole, 0.75% 3-[(3-cholamidepropyl)dimethylammonio]-1-propa-
nylsulfonate (CHAPS), 1 mM dithiothreitol (DTT), and EDTA-free protease inhibitor cocktail, followed by
lysis in a high-pressure cell homogenizer (Union-Biotech). The cleared lysates were loaded onto Ni-NTA
resin (Roche) on a WET FRED gravity flow column (IBA), washed with lysis buffer, and then eluted with a
mixture of 50 mM HEPES (pH 8.0), 300 mM NaCl, 300 mM imidazole, 0.75% CHAPS, 1 mM DTT, and EDTA-
free protease inhibitor cocktail. The eluted fractions were further purified by SEC on a Superose 6 Increase
10/300 GL column. Then, endotoxin was removed using ToxinEraser endotoxin removal kit (GenScript)
according to the manufacturer’s protocol. The ToxinSensor chromogenic LAL endotoxin assay kit (GenScript)
was used to qualify the content of remnant bacterial endotoxin in protein purified from E. coli, and protein
samples assaying at less than 0.1 EU/mL were considered endotoxin-free.

Preparation of S1-conjugated nanoparticles. To generate the SARS-CoV-2 S1-conjugated nanopar-
ticle vaccine, a subunit concentration of 50 to 100 mM purified SpyCatcher-ferritin NP and SpyCatcher-
mi3 NP was mixed with an 8-fold molar excess of S1-SpyTag in a mixture of 50 mM HEPES (pH 8.0) and
300 mM NaCl and incubated at 4°C overnight to allow autocatalytic covalent conjugation in vitro. The
mixture was separated to remove unconjugated S1-SpyTag by SEC on a Superose 6 Increase 10/300 GL
column preequilibrated with PBS. For S1-I53-50 NP assembly, 50 mM purified SpyCatcher-I53-50A1.1PT1
trimer was mixed with an 8-fold molar excess of S1-SpyTag and incubated at 4°C overnight in conjuga-
tion buffer (50 mM HEPES [pH 8.0] and 300 mM NaCl). After SEC on a Superose 200 10/300 Increase GL
column, target proteins were immediately collected and pooled and then incubated with an equimolar
ratio of purified I53-50B.4PT1 at room temperature for 2 h, followed by further purification by SEC using
a Superose 6 Increase 10/300 GL column preequilibrated with PBS. The concentrations of all purified
proteins were determined using a bicinchoninic acid (BCA) assay kit according to the manufacturer ‘s
instructions.

Dynamic light scattering. Dynamic light scattering (DLS) was applied to observe the particle diame-
ter and size distribution of purified S1-conjugated nanoparticles. Briefly, S1-SpyTag monomer and S1-
conjugated nanoparticles (S1-ferritin NP, S1-mi3 NP, and S1-I53-50 NP) were diluted to a concentration
of 0.5 mg/mL in PBS, after which 40 mL of target protein was added to a solvent-resistant disposable
microcuvette and measured on a Zetasizer Ultra instrument (Malvern Panalytical). The polydispersity
index and hydrodynamic diameter of purified proteins were measured in triplicate and analyzed accord-
ing to the manufacturer’s protocol (Malvern Panalytical).

Negative-staining electron microscopy. Samples comprising 5 mL of purified S1-ferritin NP, S1-mi3
NP, or S1-I53-50 NP at a concentration of 0.5 mg/mL in PBS were dripped onto the surface of parafilm
and adsorbed onto glow-discharged 400-mesh carbon-coated copper grids (Ted Pella) for 1 min. Excess
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protein solution was gently wicked away using absorbing paper. The grids were negatively stained with
2% (wt/vol) uranyl acetate for 1 min. Excess staining solution was wicked away in the same manner.
Samples were imaged at 120 kV using a Talos L120C transmission electron microscope (FEI) equipped
with a CETA 16M CMOS camera.

SDS-PAGE analysis. Purified proteins were mixed with 2� sample buffer containing bromophenol
blue, oiled at 100°C for 5 min, loaded onto the 10.5% Tris-glycine gel, and subjected to electrophoresis
for 30 min at 300 V in running buffer. The gel was stained with 0.125% (wt/vol) Coomassie brilliant blue
R-250, destained in buffer containing ethanol and acetic acid, and photographed using a ChemiDoc sys-
tem (Bio-Rad).

Biolayer interferometry. Biolayer interferometry (BLI) was performed on an Octet R8 instrument
(Sartorius) to determine the antigenicity of S1 and S1 nanoparticles (kinetic assay) and serum competi-
tion with ACE2 and the antibodies CB6 and 4A8 (serum competition assay).

For the kinetic assay, ACE2 was labeled with biotin using the EZ-Link NHS-LC-LC-biotin labeling kit
(ThermoFisher), and biotinylated ACE2 or the CB6 and 4A8 antibodies were captured on the SA or ProA
biosensors. Then, different concentrations of S1 or S1 nanoparticles were associated with the biosensors,
followed by a dissociation process using PBS with 0.5% Tween 20. The raw curves were recorded and
processed using the Octet Analysis Studio software, and a 1:1 binding model was used to fit the curves
and calculate the kinetic parameters.

To perform the serum competition assay, S1 was biotinylated and captured on the SA biosensors.
Mouse serum samples were taken at 10 weeks postimmunization with 5 mg of S1 or the equimolar dose
of S1 nanoparticles, and sera from the same group were mixed as representative samples. Then, the S1
on the biosensors was saturated with serially diluted serum samples for 300 s to simulate the blocking
of spike protein on the SARS-CoV-2 virion. Afterwards, 500 nM ACE2 or 200 nM CB6 or 4A8 was further
associated with the biosensors to observe the competitive binding. When more antibody bound to the
corresponding epitope of ACE2 or antibodies in sera at a certain dilution level, less ACE2 or antibodies
could bind to S1, leading to a low binding signal during the association with the biosensor. The ratio of
the peak binding signal from each curve representing different dilution levels of sera to the peak from
the curve without serum was recorded as the relative competition level.

SARS-CoV-2 pseudovirus production. Pseudoviruses corresponding to the SARS-CoV-2 prototype
and variants (including Alpha, Beta, Gamma, Delta, Lambda, and Omicron), as well as two additional
human-pathogenic betacoronaviruses (SARS-CoV and MERS-CoV), were produced using the classical HIV-
based method as previously described (76). Briefly, HEK293T cells were cotransfected with the reporter
plasmid pNL4-3-Luc-R(2)E(2), expressing a firefly luciferase gene, and eukaryotic expression vector
pCMV14, harboring the indicated spike proteins, using PEI. After incubation for 48 to ;72 h, pseudovirus-
containing supernatants were harvested, filtered through a 0.45-mm-pore-size membrane, aliquoted, and
frozen at –80°C. Viral stocks were 2-fold serially diluted, and viral titers were determined based on the lucif-
erase activity of infected cells expressed in relative light units (RLU).

BALB/c mouse vaccination and sample collection. All immunization studies were conducted
according to the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Sun Yat-sen
University Cancer Center. The project was approved by the ethics committee of the Sun Yat-sen University
Cancer Center (approval no. L102042020000A). Six-week-old female BALB/c mice were purchased from
the Beijing Vital River Laboratory Animal Technology Co., Ltd., divided into 9 groups (n = 5 mice each), and
housed in a quarantine room at the experimental animal facility of Sun Yat-sen University Cancer Center.
After quarantine for 1 week, the mice were move into ventilated cages in an environmental barrier room.
The mice were subcutaneously immunized with 5 mg S1-SpyTag or an equimolar amount of S1-ferritin NP
(6.46 mg), S1-mi3 NP (6.46 mg), or S1-I53-50 NP (7.21 mg) or 0.5 mg S1-SpyTag or an equimolar amount of
S1-ferritin NP (0.646mg), S1-mi3 NP (0.646mg), or S1-I53-50 NP (0.721mg) formulated with MF59-like adju-
vant (0.5% [vol/vol] Span 85, 0.5% [vol/vol] Tween 80, and 4.3% [vol/vol] squalene buffered with 10 mM so-
dium citrate) (77) at weeks 0, 2, and 4. MF59-like adjuvant alone was used a negative control. After 10 days
following each immunization, mice were bled, and serum samples were harvested, heat inactivated at
56°C for 30 min, and then stored at –20°C for further use.

Serum antibody ELISA. Polystyrene high-bind flat-bottom 96-well microplates (Corning; product no.
42592) were precoated with 100 mL of 1 mg/mL purified S1-SpyTag in PBS and incubated overnight at 4°C.
The plates were washed three times with PBST and then blocked with 1� blocking buffer for 12 h at 4°C,
followed by washed three times with PBST. Mouse sera were serially 5-fold diluted with blocking buffer,
added to the plates, incubated for 1 h at 37°C, and washed five times. Horseradish peroxidase (HRP)-conju-
gated goat anti-mouse total IgG, IgG1, or IgG2a secondary antibody (Abcam) was diluted 5,000-fold in
blocking buffer and added for 45 min at 37°C, followed by five washes. The reaction was developed using
EL-TMB chromogenic substrate for 15 min at 37°C and stopped according to the manufacturer’s protocol
(Sangon Biotech [Shanghai] Co., Ltd.). The absorbance at 450 and 630 nm was measured using a
SpectraMax Plus plate reader (Molecular Devices, USA). The half-maximal effective concentration (EC50) val-
ues were calculated from the recorded curves using four-parameter nonlinear fitting in GraphPad Prism 9.0.

Pseudovirus neutralization assay. Vaccine-elicited mouse sera were 4-fold serially diluted with
complete DMEM at a starting ratio of 10, mixed with an equal volume of pseudoviruses, and incubated
at 37°C for 2 h. The mixtures were added to 96-well Nunclon Delta-treated microporous plates (Thermo
Fisher Scientific) preseeded with 1.75 � 104 HEK293T-ACE2 or Huh-7 cells per well the night before, incu-
bated for 12 h, and replaced with fresh complete medium. Corresponding pseudoviruses and medium
were included as positive and negative controls in each plate, respectively. After 48 h postinfection, the
overlying medium was removed, and cells were lysed with 100 mL per well of culture medium contain-
ing Steady-Glo buffer and substrate (Promega) for 10 min at room temperature. The firefly luciferase
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activity of infected and uninfected cells was measured using a GloMax 96 microplate luminometer
(Promega) in accordance to manufacturer’s protocol. The inhibition rate was calculated as �100%.
Neutralization curves were recorded, and half-maximal inhibitory doses (ID50s) of sera against pseudovi-
ruses were calculated using four-parameter logistic regression in GraphPad Prism 8.0.1 software.

Authentic SARS-CoV-2 virus neutralization assay. The authentic SARS-CoV-2 neutralization assay
was performed in the BSL3 facility, which strictly complied with operating rules and regulations. The
night before the infection, 1.5 � 105 Vero E6 cells/mL were seeded into 96-well microplates (100 mL/
well). Serum samples were serially 4-fold diluted from 16 to 16,384 in minimal essential medium (MEM)
supplemented with 2% FBS and 1% penicillin-streptomycin and incubated with an equal volume of 100
tissue culture half-infective doses (TCID50s) of live SARS-CoV-2 virus 2020XN4276 at 37°C. After incuba-
tion for 2 h, the mixtures were added to the 96-well plates. The cytopathic effect (CPE) induced by SARS-
CoV-2 was observed daily for 4 days. Cells, virus, and minimum dilution of serum samples were included
in each plate as controls. All serum samples were measured in duplicate. Authentic SARS-CoV-2 viruses
were also serially 10-fold diluted and back-titrated in each assay. The 50% neutralization titers (NT50s) of
serum samples were defined as the highest dilution that results in a 50% reduction of infection by
authentic SARS-CoV-2 virus in Vero E6 cells by 4 days postinfection.

Statistical analysis. Statistical analysis and visualization of the experimental data were performed
using GraphPad Prism 9.0 software. The method used for determining statistical significance between
groups is presented in the figure legends.
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