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Abstract

The current Coronavirus Disease 2019 (COVID-19) pandemic, induced by newly emerging severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) Omicron variants, posed great threats to global public health security. There

is an urgent need to design effective next-generation vaccines against Omicron lineages. Here, we investigated the
immunogenic capacity of the vaccine candidate based on the receptor binding domain (RBD). An RBDg-HR self-
assembled trimer vaccine including RBD of Beta variant (containing K417, E484 and N501) and heptad repeat (HR)
subunits was developed using an insect cell expression platform. Sera obtained from immunized mice effectively
blocked RBD-human angiotensin-converting enzyme 2 (hACE2) binding for different viral variants, showing robust
inhibitory activity. In addition, RBDg-HR/trimer vaccine durably exhibited high titers of specific binding antibodies
and high levels of cross-protective neutralizing antibodies against newly emerging Omicron lineages, as well as other
major variants including Alpha, Beta, and Delta. Consistently, the vaccine also promoted a broad and potent cellular
immune response involving the participation of T follicular helper (Tfh) cells, germinal center (GC) B cells, activated

T cells, effector memory T cells, and central memory T cells, which are critical facets of protective immunity. These
results demonstrated that RBDg-HR/trimer vaccine candidates provided an attractive next-generation vaccine strategy
against Omicron variants in the global effort to halt the spread of SARS-CoV-2.
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Introduction

COVID-19 is a respiratory infectious disease caused by
SARS-CoV-2, which has evolved into a global pandemic
and attracted extensive attention all over the world [1].
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S2 subunit typically consists of HR domains, compris-
ing HR1 and HR2, which are strongly associated with the
fusion of viral envelope and cellular membrane [4]. Since
SARS-CoV-2 is continuously evolving, 227 vaccine candi-
dates are under development, with 788 trials under clini-
cal evaluation and 47 vaccines authorized for emergency
use in human beings (by the end of August 2022) https://
covid19.trackvaccines.org/.

Previously circulating variants of concern (VOCs),
including Alpha, Beta, Gamma, and Delta, are de-esca-
lated by public health agencies as the variants that are no
longer circulating (https://outbreak.info/situation-repor
ts). Meanwhile, the emergence of Omicron lineages has
aroused deep concerns about the efficacy of existing vac-
cines. The Omicron variants were initially been divided
into five subvariants including BA.1, BA.2, BA.3, BA 4,
and BA.5 [5, 6], which share key mutations that have
decreased antibody neutralization against current vac-
cines [7-10]. BA.1 was the dominant Omicron mutant
in the initial wave and was subsequently replaced by
BA.2. BA.3 lineage was an integration of mutations in
BA.1 and BA.2 S proteins. In terms of mutations, BA.4
and BA.5 differ from each other in mutations outside
the S gene sequences, but they are identical in S protein.
Most remarkably, Omicron BA.4/5 lineages appear more
resistant to previous SARS-CoV-2 vaccines compared
with BA.1 and BA.2 [5, 6]. Two-dose Pfizer-BioNTech
vaccine offered an obvious decline in neutralizing anti-
body titers [11]; single dose of Ad26.COV2.S, two doses
of Sputnik V, two doses of BBIBP-CorV [12], and triple
doses of AstraZeneca or Pfizer vaccine [5] all showed
negligible neutralization against Omicron variants; Two
doses of BNT162b2 and AZD1222 vaccine showed rarely
no neutralizing antibodies after 150 days [13]. A series
of current studies suggested that some previous vac-
cines have reduced efficacy against the newly predomi-
nant Omicron variants and developing specific vaccines
against Omicron variants is urgently needed.

Omicron variants are characterized by a large number
of mutations with 26 to 32 changes in regions of S pro-
tein, which is recognized by specific antibodies, damp-
ing vaccine potency [14]. Notably, the Omicron variant
shares the same three significant mutation sites as the
previous VOC Beta variant, including K417, E484, and
N501, which provides constructive guidance to design a
highly effective vaccine against recently emerged Omi-
cron. Tubiana et al. investigated the level of cross-reac-
tive antibodies in Beta-immunized sera, and the results
demonstrated that Beta sera displayed higher cross-reac-
tivity with BA.1 (49%) than WT sera (31%) [15], suggest-
ing Beta immunized sera seemed to be more effective
against Omicron variants. On the one hand, RBD is the
major antigenic target of SARS-CoV-2 vaccine design,
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but monomeric RBD lacks potent immunogenicity on
account of its small molecular size for antigen pres-
entation by antigen-presenting cells [16]. Numerous
engineered-RBD dimeric or trimeric constructs have
emerged to improve the immunogenicity of RBD [17].
On the other hand, HR1 and HR2 regions are conserved
according to different SARS-CoV-2 strains, which can
self-assemble to form a 6-helix bundle structure, also
known as trimers of HR1-HR2 [18].

In the present study, we constructed a trimer RBDg-HR
protein by the baculovirus-insect cell expression system,
in which the RBD sequences within SARS-CoV-2 shar-
ing Beta variant (K417, E484, N501) fused with HR1 and
HR2 regions to form a trimeric structure. The RBDg-HR/
trimer vaccine not only elicited robust a humoral
immune response against SARS-CoV-2 mutant strains,
especially Omicron variants but also induced a potent
cellular immune response, which is of great significance
for containing the spread of SARS-CoV-2.

Results

Characterization of RBDg-HR/trimer protein

RBD is a crucial target in the design of SARS-CoV-2
vaccines (Fig. 1a). Beta variant contains multiple muta-
tions in the S protein, including a trio of mutation sites
(K417N, E484K and N501Y) in RBD, and Kappa vari-
ant and Delta variant share the amino acid mutation
L452R, which is included to obtain the chimeric RBD.
Meanwhile, the mutations of RBD in Omicron variants
(Fig. 1b-c) have in common with Kappa, Delta, Alpha,
Beta and Gamma variants, which are particularly note-
worthy mutations [19]. Based on this, the study designed
a trimeric RBDy-HR protein in which the chimeric RBD
was further fused with HR1 and HR2 regions, which was
produced in insect cells infected with recombinant bacu-
loviruses containing the RBDy-HR sequence. Within the
constructed protein, chimeric RBD belongs to S1 subu-
nit, and HR1-HR2 six-helix bundle belongs to S2 subunit,
making the RBDg-HR protein considerably self-assemble
to form a native-like trimeric structure (Fig. 1d). After
purification, a peak of RBDg-HR/trimer protein was
detected by size exclusion chromatography and poly-
acrylamide gel electrophoresis (SDS-PAGE) that proved
the formation of trimers (Fig. 1le). The molecular weight
was further corroborated as 91.7 kD by analytical ultra-
centrifugation (AUC) (Fig. 1f) and the binding affinity
was calculated to be about K, =3.53 x 1071 M (dissocia-
tion constant, Fig. 1g).

RBDg-HR/trimer vaccine elicited a potent humoral immune
response

Focusing on Omicron, we designed a trimeric RBD
protein containing the key mutation sites in both Beta
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Fig. 1 Antigen design and RBDg-HR/trimer characterization. a An overview of the structure of SARS-CoV-2 spike trimer. RBD is a key component in
vaccine development, which is highlighted and marked in Cyan. b An overview of our chimeric RBD design. Beta-specific substitutions of K417N,
E484K and N501Y, as well as the amino acid mutation of L452R shared by the Kappa and Delta VOCs, are included to yield the final RBD design. ¢
An overview of the residue substitutions identified in Omicron spike RBD. The K417N and N501Y mutations in our design, which are also shared by
Omicron, are highlighted by encircling with red lines. The substitution of E484, by a lysine in our design but by an alanine in Omicron, is marked
with yellow circles. d The chimeric RBD is further fused with SARS-CoV-2 spike HR1 and HR2 to yield the final antigen design. e The recorded
solution behavior of the target protein on a Superdex 200 Increase column. The elution chromatograph of the protein and the SDS-PAGE analyses of
the pooled samples are shown. f Characterization of RBDg-HR trimer with analytical ultra-centrifugation (AUC). The recorded sedimentation profiles
are shown. g Characterization of the interaction between our target protein and ACE2 with surface plasmon resonance (SPR). The real-time binding
profiles are shown

and Omicron variants. MF59-like adjuvant has been adjuvant on days 0, 21, and 42, and mouse sera were
integrated to formulate the RBDg-HR/trimer vaccine.  collected 7 or 14 days after each immunization. To eval-
Mice (n=6 per group) were intramuscularly injected uate the immunogenicity of RBDg-HR/trimer vaccine,
with 10 pg RBDg-HR/trimer protein with MF59-like  an enzyme-linked immunosorbent assay (ELISA) was
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used to determine RBD-specific antibody titers. Sera
obtained on day 7 after the prime dose of RBDg-HR/
trimer vaccine exhibited apparent RBD-specific IgM
and IgG antibody responses to RBD protein (Fig. 2a).
At the early stage, RBDg-HR/trimer vaccine showed
a higher level of RBD-specific IgM than IgG antibody
titers (Fig. 2a). Subsequently, a much higher level of
RBD-specific IgG antibody titers was observed on day
14 than that of day 7 (Fig. 2b). The specific IgG anti-
body titers were increased significantly after the first
booster vaccination, while they were elevated gently
after the second booster immunization (Fig. 2c-d). The
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geometric mean titers (GMTs) of RBD-specific I1gG
antibodies on day 14, day 35, and day 56 were 8.1 x 10,
2.1 x 10, and 4.6 x 10° respectively, and GMTs on day
28 increased by 25-fold and on day 56 by 48-fold com-
pared with GMTs on day 14. After the second booster
vaccination, the level of RBD-specific IgG antibodies
maintained high for at least 100 days (Fig. 2e-f). The
results suggested that the RBDg-HR/trimer vaccine
could induce potent RBD-specific antibody responses,
which indicated that the RBDg-HR/trimer vaccine had
strong immunogenicity.
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Fig. 2 RBD specific binding antibody in immunized mice. Mice were immunized with 10 ug RBDg-HR/trimer protein per mouse in 100 pl in the
presence of MF59-like adjuvant with prime and booster vaccinations at an interval of 21 days, compared with the control group that received

PBS with a volume of 100 pL. a Sera were obtained from the mice 7 days after the prime vaccination and the levels of IgG and IgM against RBD
protein were detected at a serial of serum dilutions. b-f The levels of IgG at a serial of serum dilutions (left) and the endpoint titers (right) of the sera
obtained on day 14 (b), 35 (c), 56 (d), 70 (e), 100 (f) after the prime vaccination. The absorbance at 450 nm was measured using a microplate reader
with the wavelength correction set to 630 nm. Data are geometric mean = SD. p value < 0.05 were considered statistically significant (*p < 0.05;

0 <0.01; *%p < 0.001; **p < 0.0001)
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Fig. 3 Inhibition of the binding of the RBD to hACE2 receptor. a SARS-CoV-2 RBD (Omicron)-Fc fusion protein was added to 293 T/hACE2 cells in
the presence or absence of sera at a dilution of 1:90, followed by incubation with anti-human IgG-PE labeled antibodies. The representative graphs
followed the treatment from the left to right orderly: cells were stained with anti-human IgG-FITC conjugated antibody alone in the absence
of RBD-Fc fusion protein (negative control); the cells were incubated with RBD-Fc fusion protein pre-incubated in the absence of sera (positive
control); the cells treated with the sera from PBS group (sera/PBS); the cells treated with the sera from the vaccine group (sera/vaccine). b-d
Inhibition rate of RBD-WT (b), RBD (Beta) (c), RBD (Omicron) (d) binding to cell surface ACE2 receptor in the presence of sera obtained day 56. Data
are mean = SEM. p value < 0.05 were considered statistically significant (*p <0.05; **p < 0.01; ***p <0.001; ****» < 0.0001)

The RBDg-HR/trimer vaccine elicited strong antibodies

to inhibit the binding of RBD (Omicron) to hACE2

Immune sera obtained from mice were detected for
the blocking activity of RBD-hACE2 binding. Three
RBD-Fc fusion proteins: RBD (WT), RBD (Beta), and
RBD (Omicron) were utilized to bind hACE2. In the
absence of serum, RBD (Omicron)-hACE2 positivity was
detected in 98.03% of 293 T/hACE2 cells (293 T cells
stably expressing hACE2) as a positive control; with-
out RBD (Omicron)-Fc fusion protein, 0.53% of the cells
were positively detected as a negative control (Fig. 3a).
Immune sera from PBS group exhibited no or less inhibi-
tory effects with 99.20% RBD-hACE2 positivity in 293 T/
hACE2 cells (Fig. 3a). On the contrary, only 4.97% of
293 T/hACE2 cells were positive for RBD (Omicron)-
hACE2 (Fig. 3a). Based on the excellent blocking effect
of the vaccine, we further compared the blocking effi-
cacy of the sera on the binding of 293 T/hACE2 cells to
three RBD proteins, including RBD (WT), RBD (Beta),

and RBD (Omicron). Remarkably, with the sera obtained
from RBDg-HR/trimer vaccine treated mice, it enabled
the sera block RBD (WT) binding to 293 T/hACE2 cells
(Fig. 3b), and showed superior ability to block RBD (Beta)
(Fig. 3c), and exhibited efficacy in blocking RBD (Omi-
cron) to some extent (Fig. 3d). Although the RBDg-HR/
trimer vaccine showed effective blockade against Omi-
cron variant, the vaccine performed well at blocking Beta
variant. The results suggested that RBDy-HR/trimer vac-
cine not only retained efficacy against prototype SARS-
CoV-2, but also found to be effective against major
variant Omicron.

Susceptibility of SARS-CoV-2 Omicron variants

to neutralization

Assessment of neutralizing activity against prototype
and several variants of concern is beneficial to deter-
mine whether the vaccine is effective [20]. We evaluated
the neutralizing activity of the sera obtained from the
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Fig. 4 Neutralization of SARS-CoV-2 pseudovirus infection in 293 T/hACE2 cells by immune sera. a Representative graphs followed the treatment
from the left to right orderly: infection without SARS-CoV-2 pseudovirus (negative control); infection with SARS-CoV-2 pseudovirus without sera
(positive control); sera from mice treated with PBS (sera/PBS); sera obtained from mice on day 56 treated with the vaccine at 1:90 dilution (sera/
vaccine). b Neutralizing antibody titers of the immunized sera on day 56 against the pseudoviruses bearing either prototype, Alpha, Beta, Delta,
Omicron lineages BA.1, BA.2, BA2.12.1, BA.3, BA.4/5. Data are geometric mean 4= SD

mice, immunized with RBDg-HR/trimer vaccine, against ~ diminished when Omicron (BA.1) pseudovirus was pre-
SARS-CoV-2 pseudoviruses (EGFP-Luciferase) within  incubated in the sera from mice intramuscularly injected
293 T/hACE2 cells. EGFP-expressing cells drastically ~ with RBDg-HR/trimer vaccine at a 1:90 dilution (Fig. 4a).
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To further investigate the neutralization efficacy of
the immune sera against wildtype and mutant SARS-
CoV-2 variants. We performed pseudoviruses neutrali-
zation assay containing prototype, Alpha, Beta, Delta,
and Omicron lineages BA.1, BA.2, BA.2.12.1, BA.3, and
BA.4/5 pseudoviruses. The Beta pseudovirus was the
most related to RBDg-HR/trimer among the variants.
The vaccine elicits the highest neutralizing antibodies in
mice against the Beta variant with the GMTs of 27,338
for 50% neutralization (Fig. 4b). Furthermore, the GMTs
of 50% neutralization against the wildtype, Alpha, and
Delta variants were 13,480, 16,885, and 16,409, respec-
tively (Fig. 4b). There were different degrees of the
decline of neutralization antibodies against the Omicron
lineages in comparison to prototype variant. The neu-
tralizing antibody titers of the immune sera against the
Omicron BA.1 variant were only decreased by 1.26-fold
and 2.55-fold compared with prototype and Beta pseu-
doviruses, respectively. The GMTs of 50% neutralization
against Omicron BA.2 (8488) corresponded to subvari-
ant BA.2.12.1 (8469), which were 1.59-fold lower than
the prototype pseudovirus. Although BA.3 and BA.4/5
showed the ability to evade immunity from the vaccine
compared with other Omicron lineages, the GMTs of
50% neutralization still reached 4641 and 1716, respec-
tively (Fig. 4b). RBDg-HR/trimer vaccine could induce
cross-protection against SARS-CoV-2 VOCs and signifi-
cantly improve the neutralization capacity against Omi-
cron variants.

RBDg-HR/trimer vaccine elicited a robust T cell response

To determine the ability of RBDg-HR/trimer vaccine to
generate a T cell response, mice (n=5 per group) were
immunized with PBS, MF59-like adjuvant, RBDg-HR/
trimer adjuvanted with MF59-like adjuvant in a three-
dose spaced 21 days apart and euthanized on day 49. It is
well known that memory T cells may be CD4" or CD8*
and are divided into effector memory (CD44" CD62L")
and central memory (CD44" CD62L") populations by
function and phenotype [21]. Effector memory T cells can
be preferentially attracted to sites of inflammation and
rapidly produce IFN-y or IL-4 upon restimulation, while
central memory T cells promote their migration through
the lymph nodes that enhance their ability to interact
with antigen-presenting cells [22]. In spleen samples, the
percentages of central memory and effector memory T
cells in CD4" T cell populations drastically increased in
RBDg-HR/trimer vaccine group compared with the con-
trol groups (Fig. 5a). However, the percentages of effec-
tor memory T cells were obviously elevated, while central
memory T cells remained unchanged in CD8" T cell
populations (Fig. 5b). In addition, activated CD4" CD69™"
and CD8" CD69" T cells were markedly increased
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compared with those in the control groups (Fig. 5¢). To
further investigate the role of RBDg-HR/trimer protein in
cellular immunity, lymphocytes isolated from the spleen
were re-stimulated with RBDg-HR/trimer protein for
72 h. After ex vivo stimulation, RBDB-HR/trimer protein
facilitated the simultaneous release of IL-4 and IFN-y by
lymphocytes (Fig. 5d). Importantly, the proportion of
IL-4" and IFN-y" cytokine-secreting CD4% CD44" and
CD8' CD44* effector memory T cells was significantly
higher with RBDB-HR/ trimer stimulation (Fig. 5e-f).

RBDg-HR/trimer vaccine promoted Tfh cell and GC B cell
generation

As demonstrated before, vaccination with RBDg-HR/
trimer vaccine triggered a considerable RBD specific
humoral response and antigen-specific T cell response.
Basically, the formation of GC in secondary lymphoid
organs, in which specific antibody-producing plasma
cells and memory B cells are rapidly generated, is a major
part of the adaptive immune response to vaccines [23,
24]. During the GC reaction, Tth cells are pivotal provid-
ers of T cells that help B cells by releasing cytokine and
costimulatory signals [25], while GC B cells contribute to
affinity-matured memory B cells and long-lived plasma
cells [26]. We next investigated the efficacy of the candi-
date vaccine on GC formation by observing the percent-
ages of CD4% Tth cells (CD4t CXCR5" PD-1%) and GC
B cells (CD3~ CD19" GL7t CD95") [27] in both spleen
and lymph node samples 7 days after the final immuniza-
tion. Robust Tth cells were found in the spleen and drain-
ing lymph node after three doses of RBDy-HR/trimer
vaccine in immunized mice (Fig. 6a-b). In line with the
Tfh cells, the percentages of GC B cells were dramati-
cally elevated in the spleen and draining lymph node
compared with PBS and adjuvant groups (Fig. 6¢c-d). The
findings showed that GC formation following immuni-
zation with RBDg-HR/trimer vaccine was substantially
increased, which confirmed the ability of the vaccine to
elicit robust humoral immunity.

Discussion

Omicron variants with key mutations in S protein have
led to the major pandemic and impaired efficacy of vac-
cines worldwide [28]. Based on the key mutation sites
sharing similarly in Beta and Omicron variants, we
designed RBDg-HR/trimer protein to provide a promis-
ing vaccine candidate against Omicron lineage variants.
RBDg-HR/trimer vaccine induced robust and durable
humoral immunity and cellular immunity. The immu-
nized mice exhibited rapidly and durably high RBDg-HR/
trimer-specific binding antibody titers. Further neutrali-
zation assay confirmed that the vaccine-elicited neutral-
izing antibodies prominently blocked RBD-mediated
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Fig. 5 RBDg-HR/trimer vaccine elicits robust cellular immune response. Mice immunized with PBS, MF59-like adjuvant, and RBDg-HR/trimer
vaccine were sacrificed on day 49. a The percentages of central memory CD4™ T cells (left) and effector memory CD4* T cells (right) in the spleens.
b The percentages of central memory CD8" T cells (left) and effector memory CD8* T cells (right) in the spleens. ¢ The percentages of activated
CD4™ T cells (left) and activated CD8™ T cells (right) in the spleens. d Cytokines secreted by the spleen lymphocytes into the supernatants after
stimulation with RBDg-HR/trimer protein for 72 h. e The percentages of memory CD4* T cells (left) and memory CD8* T cells (right) secreted IL-4 in
the spleen lymphocytes after stimulation with RBDg-HR protein for 72 h. f The percentages of memory CD4™ T cells (left) and memory CD8* T cells
(right) secreted IFN-y in the spleen lymphocytes after stimulation with RBDg-HR/trimer protein for 72 h. Data are mean & SEM. p value < 0.05 were
considered statistically significant (*p <0.05; **p < 0.01; ***p <0.001; ****» < 0.0001)

hACE2 binding and reduced the entry of various SARS-
CoV-2 pseudoviruses into 293 T/hACE2 cells. The neu-
tralization antibody elicited by RBDg-HR/trimer vaccine
not only performed well against Omicron and its line-
ages, but also had a good effect on pseudoviruses of pro-
totype SARS-CoV-2, Alpha, Beta, and Delta variants.
Furthermore, RBDg-HR/trimer vaccine induced robust
cellular responses in both the spleens and lymph nodes of
immunized mice compared with the control groups.

HR region in the S2 subunit of S protein was included
in the design of RBDg-HR/trimer protein. As reported
before, RBD protein induced a weak immune response
due to its poor immunogenicity and RBD-only vaccines
failed to elicit long-lasting protective immunity [16].
Intriguingly, HR was highly conserved in the evolution-
ary history of B-coronaviruses and held the potential
to induce neutralization activity [18, 29]. To increase
the immunogenicity of the protein subunit vaccine,
our RBDg-HR/trimer antigen design was based on the

rationale that the HR subdomain can be automatically
assembled into a six-helix bundle structure. We directly
connected the RBD subunits of the beta variant with the
HR subdomain formed to the trimeric protein, which
could trigger strong immune response against Omicron
variants and maintain a stable natural trimer conforma-
tion. Several studies have shown that polymer protein
vaccines may elicit more desirable immune responses
than vaccines comprised of monomeric antigens [18, 30,
31]. Notably, RBDg-HR/trimer protein was constructed
by the baculovirus-insect cell expression system, which
was extensively utilized to yield RBD [32], glycosylated S1
domain [33], S protein [34], SARS-CoV-2 virus-like par-
ticles [35], and so on. As a typical eukaryotic expression
system, the baculovirus-insect cell expression system
provides post-translational modifications that affect the
immunogenicity of the recombinant protein and deter-
mine the immunological protection and valence of vac-
cines [36]. Besides, the recombinant proteins expressed
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Fig. 6 RBDg-HR/trimer vaccine promotes the generation of Tfh cells and GC B cells. Mice immunized with PBS, MF59-like adjuvant, and RBDg-HR/
trimer vaccine were sacrificed on day 49. a Representative graphs of Tfh cells marked as CD4* CXCR5" PD-17. b The percentages of Tfh cells in
the spleens and draining lymph nodes. ¢ Representative graphs of GC B cells marked as CD3~ CD19% GL7* CD95™. d The percentages of GC B
cells in the spleens and draining lymph nodes. Data are mean £ SEM. p value < 0.05 were considered statistically significant (*p <0.05; **p <0.01;

***p <0.001; ****p <0.0001)

by the baculovirus-insect cell expression system are well-
folded and soluble, and include the desired post-transla-
tional modifications [37], which not only induce robust
immune responses in organisms, but also present the
interest antigen domain in the self-assembling structure
rapidly, providing an accessible strategy to obtain a safe,
effective, scalable, and affordable vaccine candidate for
newly emerging SARS-CoV-2 variants.

Antigen-specific antibodies have been generally
considered as conferring vaccine-induced protection
against SARS-CoV-2 [38]. IgM, the earliest immuno-
globin, is secreted by the adaptive immune system
5-7 days in response to a foreign antigen. For vac-
cine design and evaluation, a high prevalence of IgM
antibodies versus the other antibodies shows a rapid
response to immunogenicity of antigen [39]. In our
study, the mice immunized with RBDB—HR/trimer vac-
cine elicits robust RBD-specific IgM and slight IgG
responses 7 days after the prime immunization, which
underwent a significant isotype switching to produce
increasingly stronger IgG responses following subse-
quent boosting immunization. After completion of the
immunization, the GMTs of RBD IgG is approximately
1 x 10, and the results are consistent with mice immu-
nized with 10 pg of RBD mixed with alum or soluble
CpG or AMP-CpG [40], and 5 pg of RBD mixed with

alum [32], demonstrating that the vaccines can elicit a
rapid and durable humoral immune response. Further-
more, IgG titers generally have a close relationship with
neutralizing titers, and quantitation of neutralization
potency is an indicator of immune protection of SARS-
CoV-2 vaccines from SARS-CoV-2 variants [41]. In this
context, the sera from immunized mice protected the
293 T/hACE2 cells from infection with pseudovirus
(Omicron BA.1), with PVNT., GMTs of 10,727, which
was only 1.26-fold and 2.55-fold lower compared to
the pseudovirus (prototype) and pseudovirus (Beta).
RBDg-HR/trimer vaccine remained effective against
Omicron lineages with a slight but significant decrease
in neutralization that was more apparent in BA.3 and
BA.4/5. Several studies have also examined the ability
of immunized sera against Omicron lineages. In July
2022, a new study demonstrated that the neutralizing
titer of BA.4/5 by a three-dose vaccine (AZD1222 and
BNT162b2) is decreased by 1.8 ~ 3.1-fold in comparison
to BA.1 and BA.2 [5]. The sera obtained from recipients
vaccinated with mRNA-1273 vaccine were tested, and
it was found that Omicron was 41~84 folds less sensi-
tive to neutralization than D614G and 5.3~7.4 folds less
sensitive than Beta [42]. A two-dose mRNA vaccine or
a single-dose J&J vaccine are modestly effective against
Omicron variant [43]. Although these immune sera had
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slightly reduced but overall widely preserved neutrali-
zation titers against Omicron lineage pseudoviruses.
All the data demonstrate that RBDg-HR/trimer vac-
cine could induce broader cross-protective neutraliz-
ing antibodies against SARS-CoV-2 variants, especially
Omicron lineages.

The cellular immune responses underpin vaccine effi-
cacy and can be related to the clearance of SARS-CoV-2
infection that CD4" and CD8" T cells participate [44].
CD4" T cells promote antibody maturation, while CD8*
T cells are crucial for killing virus-infected cells. Using a
strategy of sampling immunologically relevant tissues to
vaccination, we showed that the vaccine mobilized the
cellular drivers of a multifactorial immune response. In
spite of no significant differences in central memory
CD8" T cells at day 49 postvaccination, we did observe
significant differences in both CD4" and CD8" T cells
in terms of effector memory cells and activated cells. It
was demonstrated that the diversified cellular responses,
involving CD4" T cell and CD8" T cell activation and
durable effector-memory functional CD4" and CD8" T
cell responses at secondary lymphoid organs, are related
to blocking the entry of viruses [45]. With the stimulation
of RBDg-HR/trimer protein, the levels of IL-4 and IFN-y
were elevated from the supernatant in splenic lympho-
cyte proliferation, of which the level of IFN-y was more
elevated. Similarly, the proportion of cytokine-secreting
lymphocytes was greater in the IFN-y-specific memory
CD4" and CD8™ T cell population than in the IL-4-spe-
cific memory CD4" and CD8™ T cell populations. It was
suggested that RBDg-HR/trimer vaccine adjuvanted with
adjuvant mobilized both Th1 cells (producing IFN-y) and
Th2 cells (producing IL-4) to participate in the immune
response, showing a mixed Th1/Th2 cellular response
whereas a Thl bias [46]. Importantly, a sizable CD4™"
Tth cell population and GC B cell population were pre-
sent in the spleen, and similar findings emerged from the
analysis of draining lymph nodes of the RBDg-HR/trimer
vaccine-immunized mice. As demonstrated previously,
Tfh cells were a critical component of potent humoral
immune responses [47], while GC B cells were strongly
associated with the production of nAbs [48]. Given the
multiple potential mediators of protection induced by
RBDg-HR/trimer vaccine, the efficacy of the vaccine
could be possibly preserved over a longer time, even with
a substantial reduction in neutralization by immune sera.

In summary, a self-assembling RBDg-HR/trimer vac-
cine displaying the Beta-mutated RBD of SARS-CoV-2
adjuvanted with an MF59-like adjuvant exhibited robust
humoral and cellular immune responses to Omicron and
the other variants. In light of the significant immuno-
genicity and accessibility, the RBD-based recombinant
protein subunit vaccine candidate exhibits a specific
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antigen domain in a self-assembling manner for platform
construction and clinical trial translation.

Materials and methods

Cell culture and animals

HEK293T cells were acquired from the American Type
Culture Collection (ATCC). 293 T/hACE2 cell was engi-
neered by transduction of hACE2 into HEK293T cell
(293 T/hACE2 cell), followed by stable cell selection as
previously described [32]. 293 T cells and 293 T/hACE2
cells were cultured in DMEM (4.5 g/L glucose, Gibco)
enriched with standardized 10% FBS (PAN) and 1% peni-
cillin—streptomycin (Gibco) at 37 °C with 5% CO,.

8 weeks old female NIH mice were ordered from Vital
River Laboratories (Beijing, China). All mice were fed in
Animal Center at the School of Public Heath (Sichuan
University, Chengdu, China) under specific pathogen-
free (SPF) conditions. All mice were housed in conditions
of a 24 h light-dark cycle and fed adaptively for 1 week
with free access to feed and water.

RBDg-HR/trimer protein expression and purification

The baculovirus-insect cell expression system (Invitro-
gen) was utilized to express the RBD of the S protein of
SARS-CoV-2 Beta variant as previously described [32].
The RBDg-HR/trimer recombinant protein is constructed
by the SARS-CoV-2 Beta and Delta variant RBD (amino
acids 320-545) of K417N, E484K, N501Y, and L452R
mutants and two heptapeptide repeats (HR1, amino
acids 916-966; HR2, amino acids 1157-1203) of the
SARS-CoV-2 Wuhan-Hu-1 isolate. The gene sequence
of GP67-Trx-His-EK-RBDg-HR was transferred into the
pFastBacl vector, and then the bacmid was transfected
into insect Sf9 cells by utilizing Lipolnsect Transfection
Regent (Beyotime, China). The cell culture supernatant
containing the packaged recombinant baculovirus, was
collected after 3 days. The baculovirus was expanded in
Sf9 cells within 2~ 3 generations before being used for
RBDg-HR/trimer protein harvest. For primary purifica-
tion, the supernatants were collected and purified by a
5-mL HisTrap excel column (GE Healthcare), further
purified on Superdex 200 Increase 10/300 GL columns
(GE Healthcare), and ultimately dissolved in soluble pro-
tein buffer containing 20 mM Tris—HCI and 150 mM
NaCl. The prepared RBDy-HR/trimer protein was inves-
tigated by SDS-PAGE and visualized with Coomassie
blue.

Vaccination and sera collection

MF59-like adjuvant was performed according to a pre-
vious report [49]. The MF59-like adjuvant was an oil-
in-water emulsion consisting of squalene (4.3%) in citric
acid buffer, Tween 80 (0.5%) and Span 85 (0.5%), which
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had similar manufacture craft and physicochemical prop-
erties to MF59. The RBDg-HR/trimer protein was mixed
with MF59-like adjuvant at a volume ratio of 1:1. Six or
five mice were enrolled in three groups at random. Mice
received immunization by intramuscular injection on
days 0, 21, and 42. Each group of mice was immunized
with 100 pL volume of PBS, MF59-like adjuvant, or
RBDg-HR/trimer vaccine (mixed equal volume of MF59-
like adjuvant and RBDg-HR/trimer protein, 10 pg per
mice). Pre-immunization blood sample was collected via
the ocular veniplex before the prime vaccination and was
collected on day 7 and/or day 14 after each vaccination.
After standing for 2 h, sera were obtained by centrifuging
at 6000 rpm and kept at -80 °C before use.

Enzyme-linked immunosorbent assays

RBD protein was pre-coated into flat-bottom 96-well
high binding plates at 100 ng per well in carbonate coat-
ing buffer and incubated overnight at 4 °C. After wash-
ing with PBS containing 0.05% Tween 20 (PBST), the
background was blocked with a blocking buffer (PBST
containing 1% bovine serum albumin, BSA) at 37 °C for
1 h. The mouse sera were serially diluted twofold in 1%
BSA and then reacted with the RBD-coated wells at 25 °C
for 1 h. Horseradish peroxidase (HRP)-conjugated rab-
bit anti-mouse IgG or IgM antibodies (Southern Biotech,
USA) served as the secondary antibody at a 1:5,000 dilu-
tion for 1 h. Subsequently, washing with PBST five times,
100 uL/well of 3,3,5,5-tetramethyl biphenyl diamine
(TMB) substrate (Thermo Fisher Scientific, USA) was
added to the plates, then the reaction was quenched with
100 pL/well of stopping solution (Beyotime, China), and
the optical density (OD) value was detected at 450 nm
(630 nm as a reference) on a microplate reader. Titers
were determined at an absorbance cutoff of 0.105 OD
value.

Inflammatory cytokines secreted by spleen lympho-
cytes in the supernatants were detected by ELISA after
incubating with RBD protein. Supernatant samples were
harvested to measure the amount of IFN-y and IL-4 by
ELISA kits for mouse IFN-y and IL-4 (Thermo Fisher Sci-
entific, USA) following the manufacturer’s instructions.
Cytokines concentration was determined by regression
analysis utilizing a standard curve with recombinant
cytokines.

Blockade of RBD-Fc binding to receptor hACE2

hACE2 binding of RBD or mutated RBD was carried
out by flow cytometry (FCM) as previously reported
[32]. The sera were obtained from mice intramuscularly
injected with RBDg-HR/trimer vaccine on day 56, and
sera from mice administrated with PBS were used as a
control. 400 ng/mL RBD (WT)-Fc, RBD (Beta)-Fc, and
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RBD (Omicron)-Fc proteins were incubated with a series
of diluted mouse sera for half an hour at 37 °C prior to
infection of 293 T/hACE2 cells. After incubation, the
cells were cleaned with PBS and stained with PE-conju-
gated anti-human IgG Fc secondary antibody at 4 °C for
an additional half an hour. The mean fluorescent inten-
sity (MFI) was determined by a NovoCyte Flow Cytom-
eter (ACEA Biosciences), and the data were managed by
NovoExpress software.

Pseudovirus neutralization assay

Pseudoviruses (EGFP-Luciferase) expressing the pro-
totype SARS-CoV-2, Alpha, Beta, Delta, and Omicron
lineage variants were obtained from Genomeditech
(Shanghai, China). The above pseudoviruses were pre-
incubated with serially diluted immune sera in 96-well
plates for 1 h at 37 °C, and then 293 T/hACE2 cells
(1.2 x 10* per well) were added to the plates and incu-
bated for 48 h. EGFP-expressing pseudovirus in 293 T/
hACE2 cells was detected by fluorescence microscopy or
FCM. To visualize the luciferase-expressing pseudovirus
infection in 293 T/hACE2 cells, the supernatants were
removed, followed by adding luciferase substrate (Pro-
mega, USA) to react for 2 min, and relative light units
(RLU) were observed with an Ultra luminometer.

Spleen and lymph node immunophenotyping by FCM
Immunized mice were sacrificed 7 days after the second
booster immunization, and spleens and lymph nodes
were collected. Spleen samples within lymphocyte sepa-
ration medium were mashed through 70 pm cell strain-
ers to harvest single cell suspensions (DKW33-R0100),
and the suspension was centrifuged according to the
manufacturer’s instructions. The cell suspension was
cleaned with PBS, processed with lysis buffer at 25 °C to
lyse erythrocytes, and resuspended in PBS supplemented
with 1% BSA after termination of lysis. Lymph node sam-
ples were minced using a pestle and mashed through a
70 pm cell strainer within PBS. Single cell suspensions
were incubated with the following antibodies to GC
B and Tth cell antigens for 30 min at 4 °C: anti-mouse
CD3 (PerCP/Cyanine5.5), anti-mouse CD4 (FITC),
anti-mouse CD19 (PE), anti-mouse PD-1 (Brilliant Vio-
let 421), anti-mouse CXCR5 (APC), anti-mouse CD19
(Brilliant Violet 421), anti-mouse GL7 (FITC), and anti-
mouse CD95 (PE-CF594).

Splenocyte restimulation assay

Splenocyte suspension, obtained from previous sec-
tion, was washed with PBS, resuspended in RPMI 1640
involvingl00 U/mL IL-2 (Novoprotein, China), 1 mM
sodium pyruvate (Sigma-Aldrich, USA), and 0.05 mM
B-mercaptoethanol (Sigma-Aldrich, USA), and plated
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in 12-well plates (1x10° cells/well). RBDg-HR/trimer
protein was added tol12-well plates at a concentration of
10 ug/mL. After incubating for 3 days at 37 °C, the cells
were collected for FCM, and the supernatant was har-
vested and stored at -80 °C until cytokine assay.

Statistical analysis

Statistical analysis was processed with GraphPad Prism
8.0 (GraphPad Software). Statistical values were analyzed
by One-way analysis of variance (ANOVA). p value <0.05
were statistically significant (*p<0.05; **p<0.01;

ek k

'p<0.001; ****p <0.0001).
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