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ABSTRACT: Safe and effective vaccines against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and its variants are the best approach to successfully combat
the COVID-19 pandemic. The receptor-binding domain (RBD) of the viral spike protein is
a major target to develop candidate vaccines. α-Galactosylceramide (αGalCer), a potent
invariant natural killer T cell (iNKT) agonist, was site-specifically conjugated to the N-
terminus of the RBD to form an adjuvant−protein conjugate, which was anchored on the
liposome surface. This is the first time that an iNKT cell agonist was conjugated to the
protein antigen. Compared to the unconjugated RBD/αGalCer mixture, the αGalCer-RBD
conjugate induced significantly stronger humoral and cellular responses. The conjugate
vaccine also showed effective cross-neutralization to all variants of concern (B.1.1.7/alpha,
B.1.351/beta, P.1/gamma, B.1.617.2/delta, and B.1.1.529/omicron). These results suggest
that the self-adjuvanting αGalCer-RBD has great potential to be an effective COVID-19
vaccine candidate, and this strategy might be useful for designing various subunit vaccines.

■ INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic, caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has severely affected public health and economic
stability that led to social issues worldwide. As the emerging
variants led to a mounting death toll, safe and effective vaccines
were still the best manner to combat this global pandemic.
Since the COVID-19 outbreak, vaccine candidates against

SARS-CoV-2 have emerged at an unprecedented scale and
speed worldwide. In general, candidate vaccines are divided
into six categories, including inactivated virus, live attenuated
virus, recombinant viral vectors, protein subunits, virus-like
particles, and nucleic acid-based candidates.1 Although some
advanced candidates have moved into clinical trial stages and
have been granted licences,2 uncertainties still remain due to
the rapid spread of mutated SARS-CoV-2. Therefore, it is
necessary to develop diverse platforms and strategies for
preparing successful COVID-19 vaccines.
The spike (S) protein plays a pivotal role in binding to the

angiotensin-converting enzyme 2 (ACE2) receptor on host
cells via its receptor-binding domain (RBD),3,4 which is the
major target for protein subunit vaccines against COVID-
19.5−8 These vaccines are designed to induce immune
responses toward specific epitopes (B and T cell epitopes)
on the S protein, particularly on the RBD, thereby averting
eosinophilic immunopathology or antibody-dependent en-
hancement (ADE) of the disease.9 In addition, subunit
vaccines are relatively safe and easily manufactured compared
with traditional vaccines based on whole virus. Some

commonly used chemicals to inactivate viruses are potentially
carcinogenic such as β-propiolactone, which inactivate viruses
at both the protein and nucleic acid levels, and thus may lead
to destruction of the crucial antigenic protein structures.10

However, the major drawback of protein subunit vaccines is
their weak immunogenicity; thus, an adjuvant serving as a
“danger signal” is often utilized in subunit vaccines to elicit
robust humoral and cellular immunity.11−13

Among the subunit vaccine candidates against COVID-19,
several adjuvants, including aluminum,8,14 STING agonist
cyclic di-GMP (CDG),15 toll-like receptor (TLR) agonists
such as the TLR7/8 agonist,16 and CpG oligodeoxynucleotides
(CpG), and monophosphoryl lipid A (MPLA),17−19 have been
utilized to successfully improve the immunity in mice.
However, substantially improving the immunogenicity of the
antigen for subunit vaccines against COVID-19 still remains a
challenging task.
As a potent immune activator for invariant natural killer T

(iNKT) cells, α-galactosylceramide (αGalCer, also known as
KRN7000) has been applied in many vaccine constructs.20,21

iNKT cells are a unique subset of T lymphocytes with
phenotypic markers of both T and natural killer (NK) cells.

Received: November 19, 2021

Articlepubs.acs.org/jmc

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.jmedchem.1c02000
J. Med. Chem. XXXX, XXX, XXX−XXX

This article is made available via the ACS COVID-19 subset for unrestricted RESEARCH re-use
and analyses in any form or by any means with acknowledgement of the original source.
These permissions are granted for the duration of the World Health Organization (WHO)
declaration of COVID-19 as a global pandemic.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shi-Hao+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai-Wei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Qian+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ru-Yan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xu-Guang+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guang-Fu+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jmedchem.1c02000&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c02000?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c02000?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c02000?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c02000?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c02000?fig=abs1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c02000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org/jmc?ref=pdf
https://pubs.acs.org/page/vi/chemistry_coronavirus_research
https://pubs.acs.org/page/vi/chemistry_coronavirus_research


Straddling the innate and adaptive arms of the immune system,
these cells modulate a wide range of immune effector
properties. Once activated by αGalCer, iNKT cells release
copious cytokines (IL-4 and IFN-γ) and license dendritic cells
(DCs) to enhance their capacity to induce specific humoral
and cellular responses.22−24 In addition, iNKT cells may also
directly help B cells to proliferate and undergo antibody class
switching and affinity maturation.25 Therefore, αGalCer and its
derivatives are important adjuvants distinguished from those
directly regulating conventional T cell-dependent immuno-
genic responses and are often used as admixed adjuvants in
antitumor26,27 and antiviral vaccines.28 Besides, several studies
have conjugated αGalCer with antigens such as small
molecules,29,30 carbohydrates,31−33 and peptides34−36 to
develop potent self-adjuvanting vaccines. However, to date,
αGalCer has not been reported to conjugate with protein
antigens as a built-in stimulator.
Conventional protein-based subunit vaccines are often

simply admixed with external adjuvants.11−13 In this work,
we developed a covalently conjugated adjuvant−protein
vaccine that was easily prepared and highly effective (Figure
1A). For the first time, the iNKT cell agonist was conjugated to
a protein antigen as a built-in stimulator. As the RBD is an
immunodominant antigen of SARS-CoV-2 and accounts for
90% of the immune serum-neutralizing activity,37 the RBD (S
protein residues 319-541) was chosen as the protein antigen to
develop the conjugate vaccine. Using a pyridoxal 5′-phosphate
(PLP)-mediated transamination reaction, the N-terminus of

the RBD protein was converted to the ketone and site-
specifically conjugated with the adjuvant molecule via the
oxime reaction (Figure 1B).38,39 Herein, a single αGalCer
molecule was covalently linked to the N-terminal amino acid
(Arg) of the RBD, which was further prepared as liposomes for
the use as a COVID-19 vaccine candidate. The co-delivery of
the adjuvant and antigen was guaranteed by stable covalent
conjugation; hence, the antigen-specific immune response
could be boosted not only by the indirect CD4+ and CD8+ T
cell stimulation but also by direct help toward B cells from
iNKT cells.40 Meanwhile, the conjugation approach would also
affect the physical properties of the adjuvant. There are three
major advantages of this conjugate vaccine: (1) simple and
well-defined composition with a site-specific conjugation, (2)
no interference of immunogenic epitopes on the antigen
protein, and (3) potent efficiency with low adjuvant doses of
liposomal formulation. In this study, we explored the effect of
conjugation on humoral and cellular immune responses in
mice and assessed its potential for developing an effective
vaccine candidate against SARS-CoV-2 and variants of concern
(VOCs).

■ RESULTS AND DISCUSSION

Preparation of Site-specifically Conjugated αGalCer-
RBD. Our previous study has indicated that the immunoge-
nicity of the antigen is significantly enhanced when the
adjuvant molecule of the TLR7 agonist is covalently
conjugated to the antigen-loaded protein.41 In this study, the

Figure 1. (A) Difference between the traditional protein vaccine design and that used in this work. (B) First, the RBD protein is incubated with
pyridoxal 5′-phosphate (PLP), which transaminates the N-terminus of arginine to form a ketone. Second, the keto-protein reacts with alkoxyamine
(αGalCer-linker) to form an oxime-linked protein−lipid conjugate. (C) Liposomal formulation of αGalCer-RBD was prepared before mice
vaccination. 6−8 week old female BALB/c mice (n = 5 per group) were immunized subcutaneously on days 1, 15, and 29. Mice sera were collected
on day 0 before initial immunization and on days 14, 28, and 35 after immunizations and splenocytes were isolated from vaccinated mice on day 35.
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iNKT agonist αGalCer was covalently linked to the N-
terminus of the protein for the first time. This site-specifically
conjugated vaccine has minimal interference on immunogenic
epitopes with a well-defined component. Although several
studies have conjugated lipids on the protein using peptide
ligation strategies to fuse lipopeptides on protein frag-
ments42,43 or chemical reactions to randomly attach adjuvants
on the residues of protein, such as functionalization of lysine
side chains,44−48 these protein modification approaches can be
difficult to control and need additional purification and the
protein antigen epitopes are unavoidably interfered with, to a
certain extent. Therefore, to prepare the αGalCer-RBD vaccine
using a relatively simple transamination approach, the 6-
position of αGalCer was modified with a linker with an
alkoxyamine group (Scheme 1). First, to synthesize a
alkoxyamine-modified linker, compound 3 was prepared by
reacting 2-[2-(2-chloroethoxy)ethoxy] ethanol with sodium
azide. The subsequent reaction of 3 with ethyl bromoacetate
gave intermediate 4. The azide was then reduced by the
Staudinger reaction followed by a reaction with Boc-aminooxy

acetic acid to afford 5. Then, acid 6 was obtained by the
hydrolysis of 5. For the 6-position modification of αGalCer,
compound 7 was first synthesized according to the method
given in a previous report.32 Then, the 6-OH group was
effectively converted to an azide group by TsCl and NaN3 to
give azide-modified αGalCer 8. After the removal of the Bn
groups and the reduction of the azide group of 8 with
Pd(OH)2/C, acylation with linker 6 led to the αGalCer
analogue 9. The Boc group of compound 9 was removed to
give αGalCer-ONH2 1, with a high purity of 95% (Figure S11).
Next, the N-terminal residue of the RBD was site-specifically

oxidized to a ketone group by pyridoxal 5′-phosphate (PLP)-
mediated transamination. The imine intermediate formed by
PLP and the N-terminus has an α proton with a much lower
pKa value, which allows the ketone to form uniquely at this site
after the imine tautomerization and hydrolysis.38,39 Then, the
resulting ketone (the N-terminal residue is Arg in this case)
was conjugated with one αGalCer-linker molecule by a stable
oxime linkage (Figure 1B). The amino acid present in the N-
terminus of the RBD is arginine, which is suitable for

Scheme 1. Reagents and Conditions are as follows: (A) (a) NaN3 (3.0 equiv), H2O, 80 °C, 8 h, 95%; (b) Ethyl Bromoacetate
(1.2 equiv), NaH (1.2 equiv), THF, Reflux, 8 h, 73%; (c) PMe3 (3.0 equiv), THF/H2O (10:1, V/V), rt, 1 h; (d) Boc-Aminooxy
Acetic Acid (2.0 equiv), EDC (3.0 equiv), DMAP (0.1 equiv), rt, 2 h, 61% Two Steps; and (e) 1 M NaOH, THF, rt, 3 h, 97%.
(B) (a) TCl (1.5 equiv), Et3N (2.0 equiv), CH2Cl2, 2 h; (b) NaN3 (3.0 equiv), DMF, 80 °C, 5 h, 81% Two Steps; (c) Pd(OH)2/
C, CH2Cl2/MeOH, rt, 8 h; (d) 6 (2.0 equiv), HBTU (1.5 equiv), NMM (10 equiv), CH2Cl2/MeOH, rt, 2 h, 53% Two Steps;
and (e) CH2Cl2/TFA, rt, 0.5 h, Quantitative Yield
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conversion to ketone groups by PLP with good yield.38,39

Analysis of the final αGalCer-RBD conjugate by MALDI-TOF
mass spectrometry indicated that one αGalCer molecule
covalently links with the RBD (Figure S3).
To evaluate the yield of the conjugation reaction, an RBD

protein 319/321 fragment containing an Arg residue at its N-
terminus was synthesized as a model tripeptide to conjugate
with O-ethylhydroxylamine hydrochloride (Scheme S1).49 The
results of HPLC and ESI-MS analysis indicated a >95% overall
yield of the conjugation reaction (Figure S1). Besides, the
RBD protein was modified with a fluorescent biolabeling
molecule, rhodamine B (RhB), on the N-terminus using PLP-
mediated transamination (Scheme S2). RP-HPLC and SDS-
PAGE analysis demonstrated a >85% overall yield of the RhB-
RBD conjugation reaction (Figure S2). Therefore, the
adjuvant−protein compound could be obtained in high yields
through the transamination reaction.
Finally, the vaccine formulation was prepared as liposomes

to further improve the aqueous solubility of the αGalCer-RBD
conjugate or unconjugated RBD/αGalCer mixture (for
characterization details, see Figure S4). As an ideal delivery
system for vaccines, liposomes protect the antigen from
degradation and can be efficiently taken up by DCs.50,51 We
also investigated liposomes encapsulating different protein
subunits of the spike protein as effective COVID-19 vaccine
candidates.52 In the conjugate vaccine, the lipid tails of the
αGalCer-RBD conjugate facilitate the anchoring of protein
antigens on the liposome surface, mimicking lipoproteins
anchored on the cell membrane, such as glycosylphosphatidy-
linositol (GPI) membrane anchors.53 Meanwhile, the resulting
liposomes biomimic the virus capsid structure that provides a
multivalent effect of the antigen protein, thereby facilitating the
recognition and uptake by the DCs with more effective
activation.
Vaccination. The vaccines with the same RBD and/or

αGalCer (10 μg RBD, 0.28 μg αGalCer for αGalCer-RBD or
RBD/αGalCer) doses were immunologically evaluated in 6 to
8 week old female BALB/c mice. RBD alone (10 μg) and RBD
(10 μg) plus alum adjuvant (100 μL) were used as negative
and positive controls, respectively. αGalCer-RBD and RBD/
αGalCer were further prepared in the form of liposomes with
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and cho-
lesterol (50/40/1 molar ratio of DSPC/cholesterol/αGalCer-
RBD or RBD/αGalCer). Five mice in each group were
immunized subcutaneously (S.C.) on days 1, 15, and 29
(Figure 1C). Mice sera were collected on day 0 before initial
immunization and days 14, 28, and 35 after immunizations,
and splenocytes were isolated from vaccinated and untreated
mice on day 35. In addition, another ten groups of mice were
immunized S.C. or intraperitoneally (I.P.) with αGalCer-RBD,
RBD/αGalCer, RBD/Al, RBD, and PBS for the evaluation of
cytokine secretion and DC activation in vivo. For these groups,
the doses of the antigen or adjuvant were set as 2 nmol (60 μg
of RBD, 1.68 μg of αGalCer) for the S.C. route and 1 nmol
(30 μg of RBD, 0.84 μg of αGalCer) for the I.P. route. Mice
sera collected at 2 and 24 h after injection were evaluated for
secretion of IL-4 and IFN-γ, respectively, and splenocytes were
isolated 24 h after S.C. administration.
Conjugation Significantly Promoted Innate Immun-

ity and RBD-Specific Antibody Responses. To investigate
the impact of conjugated adjuvant on immune responses, we
first evaluated cytokine secretion and DC activation in vivo.
The results showed that a high level of IFN-γ was observed in

the mice sera of αGalCer-RBD group 24 h after S.C. or I.P.
injection (Figure S5A,B). In the intraperitoneally administered
groups, the αGalCer-RBD-injected mice produced a ∼5-fold
higher level of IFN-γ but slightly reduced IL-4 than that of
αGalCer/RBD (Figure S5B,C), suggesting an enhanced Th1-
biased immune response. Next, as DC maturation leads to the
upregulation of co-stimulatory molecules (e.g., CD80, CD86,
MHC I, and MHC II), the expression of CD86 was analyzed
for the evaluation of iNKT cell-mediated DC activation in
spleen 24 h after S.C. administration. The flow cytometry assay
showed an increased expression of CD86 on CD11c + DCs
(Figure 2), suggesting that αGalCer-RBD effectively activated

DCs mediated by iNKT cells. These results indicate that the
conjugation approach altered the physical properties of
αGalCer and thus improved the pharmacokinetic profiles,
leading to greatly enhanced activation of innate immunity.
RBD antigen-specific antibody titers of each immunization

were determined by ELISA. The IgM antibody titer of
αGalCer-RBD-immunized mice was approximately equal to
that of the control groups (Figure S6). However, the IgG
antibody titer of αGalCer-RBD-immunized mice was 14.5-,
8.7-, and 5.9-fold higher than that of RBD-, RBD/Al-, and
RBD/αGalCer-immunized mice on day 35, respectively
(Figure 3A). The remarkable IgG antibody response initiated
by αGalCer-RBD suggests that the conjugation of αGalCer

Figure 2. NKT cell-mediated activation of DCs in the spleen from
mice 24 h after S.C. injection, as determined by evaluating the
upregulation of CD86 as a marker of DC activation. (A) Histogram
profiles for the CD86 expression on CD11c + DC cells. (B) MFI of
CD86 on CD11c + DC cells. Data are shown as the mean ± SEM of
three mice per group. Statistical significance was determined using
one-way ANOVA with Dunn’s multiple comparison test. p < 0.0001:
****, p < 0.001: ***, p < 0.01: **, and p < 0.05: *.
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with the RBD significantly improves the immunogenicity of the
protein antigen, which might be due to the co-delivery of the
glycolipid adjuvant with the full protein to prime both B cells
and T cells through cognate and noncognate help of iNKT
cells.54 High IgG titers in the αGalCer-RBD-administered mice
after the first immunization indicate that adaptive immune
responses were rapidly activated. Meanwhile, the αGalCer-
RBD-immunized mice had elicited exceptionally higher IgG
antibody titers than those of RBD- (33-fold), RBD/Al- (37-
fold), and RBD/αGalCer (10-fold)-immunized mice on day 28
(Figure 3A). The rapid and strong humoral immune responses
provoked by αGalCer-RBD after the second immunization
suggests that a two-dose vaccination is enough to induce highly
effective humoral immunity. αGalCer-RBD also showed high
efficacy in inducing antibody class switching from IgM to
RBD-specific IgG. These results indicate that covalently
conjugating αGalCer and the antigen protein induces rapid
and potent immune responses. In addition, the efficacy of
αGalCer-RBD was still well-promoted by iNKT cells after
restimulation, as the IgG titer increased 7.4-fold between the
second and third immunizations, which is distinctive from the
blunted antibody response of boosting immunizations with
αGalCer-containing vaccines.32,33

The IgG subclass distribution of each group was primarily
IgG1 (Figure 3B). Meanwhile, αGalCer-RBD-administered
mice showed a more balanced enhancement of the Th1/Th2
response, with the IgG2a and IgG2b responses elicited being
approximately 12- and 16-fold higher than those in the RBD/

Al (Th2-biased)-immunized group, respectively. Hence, it is
beneficial to use the αGalCer-RBD conjugate as a vaccine
candidate against viral infections because the immune
responses induced by such conjugate vaccines feature a
broad IgG subclass distribution for effective protection.

αGalCer-RBD Conjugate Induced RBD-Specific, Cyto-
kine-Producing T Cell Development. An effective vaccine
against COVID-19 should induce not only humoral specific
antibodies but also cellular immune responses to provide a full
range of protective immunity.55 To evaluate the RBD-specific
cellular immune responses, splenocytes were collected from
vaccinated mice one week after the last immunization, and the
antigen-specific responses were measured by IFN-γ ELISPOT
assay. The splenocytes were stimulated with 50 μg/mL
overlapping peptide pool (spanning SARS-CoV-2-S RBD) for
18 h before forming IFN-γ spots. As shown in Figure 4A,
αGalCer-RBD vaccination significantly increased the number
of IFN-γ spots, with ∼4- and ∼26-fold increases in the number
of IFN-γ spots compared to that after immunization with
RBD/αGalCer and RBD/Al, respectively. Therefore, the
conjugate vaccine enhanced cellular responses with increased
numbers of antigen-specific cytokine-producing cells. To
further characterize the contribution of these vaccine
candidates to RBD-specific cellular immunity, cytokine-
producing CD4+ (Figure 4F−H) and CD8+ (Figure 4C−E)
T cells of splenocytes from immunized mice were evaluated by
flow cytometry on day 35. As indicated in Figure 4C, 2.57,
1.32, and <1% CD8+ T cells derived from αGalCer-RBD-,
RBD/αGalCer-, and RBD/Al-immunized mice, respectively,
produced both IFN-γ and TNF-α cytokines following the
stimulation of the overlapping peptide pool (spanning SARS-
CoV-2-S RBD). A similar trend was observed for CD4+ T cells
(Figure 4F) and IFN-γ+ or TNF-α+ cytokine-secreting cells
(Figures 4D,E,G,H and S7). The specific cellular responses
toward the RBD collectively confirmed that αGalCer-RBD
provoked a potent cellular and humoral immune responses,
implying that the αGalCer-RBD conjugate is a promising and
effective candidate for the COVID-19 vaccine.

Pseudovirus and Live Virus Neutralizing Activity and
Cross-Neutralization of Variants. Neutralizing antibody
responses in mice were assessed against both wild-type (WT)
pseudotyped and live SARS-CoV-2 virus. Furthermore, cross-
neutralization assay of WT and all VOCs (B.1.1.7/alpha,
B.1.351/beta, P.1/gamma, B.1.617.2/delta, and B.1.1.529/
omicron) was evaluated using different pseudovirus assay
approaches. WT pseudovirus neutralization ID50 (pVNT50) of
mice sera on day 35 is shown in Figure 5A. As expected,
αGalCer-RBD vaccination generated the highest neutralizing
antibody activity (mean pVNT50 = 11,549), followed by that
after vaccination with RBD/αGalCer (mean pVNT50 = 3653),
RBD/Al (mean pVNT50 = 1553), and the RBD alone (mean
pVNT50 = 940). Similarly, the strongest neutralizing activity
against live SARS-CoV-2 was detected in the αGalCer-RBD-
vaccinated mice (Figure 5B), with a neutralization titer (NT50)
of 4529 on day 35 (Figure S8). Notably, it showed that
compared with the WT group, anti-sera from αGalCer-RBD-
immunized mice cross-neutralized the B.1.1.7 (1.1-fold
decrease) and P.1 (1.4-fold decrease) variants efficiently but
showed reduced responses against the B.1.351 (4.5-fold
decrease), B.1.617.2 (2.4-fold decrease), and B.1.1.529 (13.9-
fold decrease) variants (Figure 5C). These results are in line
with previously reported results of mRNA and adenovirus
vector-based vaccines.56−59 The effective neutralization against

Figure 3. Adjuvant−protein conjugate promoted RBD-specific
antibody responses. αGalCer-RBD and RBD/αGalCer were further
prepared in the form of liposomes with DSPC and cholesterol at
50:40:1 (DSPC/cholesterol/αGalCer-RBD or RBD/αGalCer) molar
ratios. (A) RBD-specific IgG antibody titers in serum samples from
vaccinated mice on days 14, 28, and 35. (B) Anti-RBD IgG antibody
isotypes in serum samples from vaccinated mice on day 35. Data are
shown as the mean ± SEM of five mice per group and are
representative of three separate experiments.
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these variants indicates that αGalCer-RBD has the potential for
the protection against SARS-CoV-2 and muted viruses as a
candidate vaccine.
Anti-RBD Antibodies from αGalCer-RBD-Immunized

Mice Effectively Blocked the Binding of RBD to ACE2.
Sera collected on day 35 and pooled per group were also tested
for their ability to inhibit the binding of the RBD protein to the
ACE2-overexpressing HEK293 cells using flow cytometry
(Figure 6). No mice serum was added to the positive control,
and unstained cells were used as the negative control. The
mean fluorescence intensity (MFI) of the cells incubated with

the RBD-His protein without sera was defined as 100%
binding.
Inhibition of binding was calculated as the percentage of

reduced binding to the ACE2 receptor in the presence of
diluted sera from mice immunized with different vaccine
candidates. The results showed that mice sera (1/20 dilution)
from αGalCer-RBD-, RBD/αGalCer-, and RBD/Al-immu-
nized mice blocked the binding of the RBD to the ACE2
receptor at inhibition rates of 82, 41, and 32%, respectively.
Thus, the anti-RBD antibodies induced in αGalCer-RBD-
immunized mice had the strongest inhibition to suppress RBD-

Figure 4. Adjuvant−protein conjugate induced potent RBD-specific cellular immune responses. Specific cytokine-producing T cell immune
responses were assessed using splenocytes from immunized mice on day 35. (A) IFN-γ ELISpot assay. (B) Representative ELISpot wells. (C) Flow
cytometry assay of IFN-γ and TNF-α double-positive cells in CD8+ T cells. (D) CD8+ TNF-α+ T cells, as a percentage of CD8+ T cells. (E)
CD8+ IFN-γ+ T cells, as a percentage of CD8+ T cells. (F) Flow cytometry assay of IFN-γ and TNF-α double-positive cells in CD4+ T cells. (G)
CD4+ TNF-α+ T cells, as a percentage of CD4+ T cells. (H) CD4+ IFN-γ+ T cells, as a percentage of CD4+ T cells. Data are shown as the mean
± SEM of five mice per group, each sample being characterized in triplicate. Statistical significance was determined using one-way ANOVA with
Dunn’s multiple comparison test. No significant difference: ns, p < 0.0001: ****, p < 0.001: ***, p < 0.01: **, and p < 0.05: *.
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His binding to the ACE2 receptor and therefore exerted the
most effective anti-RBD activity in vitro.

■ CONCLUSIONS
In summary, this study for the first time conjugates the iNKT
cell agonist on the protein antigen, and the resulting αGalCer-
RBD conjugate anchored on liposomes biomimicking the virus
capsid structure remarkably enhances the protective immune
response against SARS-CoV-2. Compared to the unconjugated

RBD/αGalCer mixture, the αGalCer-RBD conjugate enhanced
the immune efficacy of the adjuvant and produced significantly
stronger humoral responses and cellular responses in mice.
The rapid antibody response with two-dose immunization also
makes the conjugate vaccine an applicable vaccine candidate
for mass vaccination. Moreover, the antisera from αGalCer-
RBD-immunized mice induced potent neutralizing responses
with high pseudotyped neutralizing titers and live virus
neutralization activity, indicating efficient protective immunity
by this vaccine candidate. Meanwhile, the cross-neutralization
of different SARS-CoV-2 VOCs (B.1.1.7/alpha, B.1.351/beta,
P.1/gamma, B.1.617.2/delta, and B.1.1.529/omicron) by the
αGalCer-RBD antisera suggests that this vaccine candidate
could be of value in dealing with emerging variants. We expect
that this novel promising vaccine design strategy using
adjuvant−protein conjugates will have applications in various
prophylactic or therapeutic vaccines against diseases and
beyond.

■ EXPERIMENTAL SECTION
Chemical Synthesis. General Information. All reactions were

carried out under a dry argon atmosphere using oven-dried glassware
and magnetic stirring. The solvents were dried prior to use as follows:
THF was heated at reflux over sodium benzophenone ketyl; CH2Cl2
was dried over CaH2. Aluminum thin-layer chromatography (TLC)
sheets (silica gel 60 F254) of 0.2 mm thickness were used to monitor
the reactions. The spots were visualized with short-wavelength UV
light or by charring after spraying with a solution prepared from one
of the following solutions: phosphomolybdic acid (5.0 g) in 95%
EtOH (100 mL); p-anisaldehyde solution (2.5 mL of p-anisaldehyde,
2 mL of AcOH, and 3.5 mL of conc. H2SO4 in 100 mL of 95%
EtOH); or ninhydrin solution (0.3 g of ninhydrin in 100 mL of n-
butanol; add 3 mL of AcOH). Flash chromatography was carried out
with silica gel 60 (230-400 ASTM mesh). αGalCer was prepared
according to our reported procedure.32 NMR spectra were obtained
on a 400 or 600 MHz spectrometer. Chemical shifts were reported in
parts per million (ppm). Electrospray ionization mass (ESI-MS) was
performed on a TSQ Quantum Access MAX (Thermo Fisher

Figure 5. Enhanced neutralization of the SARS-CoV-2 pseudovirus and live virus by mice sera from αGalCer-RBD immunized mice. Mice sera
collected on day 35 were serially diluted and analyzed for SARS-CoV-2 pseudotype particles and live SARS-CoV-2 neutralization. (A) Pseudovirus
neutralization titers (pVNT50). Data are shown as the mean ± SEM of pVNT50 of five mice per group. ND: not detectable. Statistical significance
was determined using one-way ANOVA with Dunn’s multiple comparison test. p < 0.01: ** and p < 0.05: *. (B) Neutralization (%) of live SARS-
CoV-2 in the presence of 1/400 diluted pooled sera using the plaque reduction neutralization test. Images are plaques formed in Vero E6 cells
inoculated with live SARS-CoV-2. (C) Neutralization titers (pVNT50) against B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma), B.1.617.2 (delta), and
B.1.1.529 (omicron) pseudoviruses in the presence of serially diluted sera from the αGalCer-RBD immunized group. Data of a given sample for
each mouse were linked to trace its neutralization titers against different pseudoviruses. Mean pVNT50 values against different variants relative to
the WT are shown and compared.

Figure 6. Strong inhibition of the RBD proteins binding to ACE2-
HEK293 by mice sera from αGalCer-RBD immunized mice. Pooled
serum samples (1/20 diluted) were collected on day 35 assayed for
inhibition of the binding of the recombinant RBD-His protein to
HEK293 cells overexpressing ACE2 by flow cytometry. In the positive
control, no mice serum was added, and cells without any staining were
used as a negative control. MFI values of the APC-A channel from
cells incubated with the RBD-His protein without sera were defined as
100% binding. Inhibition of binding was calculated as the percentage
of reduced binding to the ACE2 receptor in the presence of diluted
sera from different immunization groups. Data are shown as the mean
± SEM of three independent experiments. Statistical significance was
determined using one-way ANOVA with Dunn’s multiple comparison
test. p < 0.0001: ****, p < 0.001: ***, p < 0.01: **, and p < 0.05: *.
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Scientific). High-resolution mass spectrometry (HRMS) was recorded
on a Bruker micrOTOF II ESI-TOF using a positive electrospray
ionization (ESI+). Protein MALDI data were collected on a Bruker
MALDI-TOF/TOF UltrafleXtreme spectrometer. The matrix used
for MALDI-TOF was 3-(4-hydroxy-3,5-dimethoxyphenyl) prop-2-
enoic acid. The HPLC data were obtained on an Agilent 1260 fitted
with an evaporative light-scattering detector (ELSD). The purities of
compounds 9 and 1 are >95%, as determined by HPLC-ELSD (see
the Supporting Information).
1-Azido-8-hydroxy-3,6-dioxaoctane (3).60 To a solution of NaN3

(5.7 g, 88.9 mmol, 3.0 equiv) in water (40 mL) was added 2-[2-(2-
chloroethoxy)ethoxy] ethanol (5.0 g, 29.6 mmol) under an argon
atmosphere at rt. The reaction mixture was heated at 80 °C overnight.
The crude mixture was extracted with CH2Cl2. The organic extracts
were dried with anhydrous Na2SO4 and concentrated under reduced
pressure to give a colorless oil (4.9 g, 95%), which was used without
further purification. Spectra matched previously reported character-
ization data.60 1H NMR (400 MHz, CDCl3): δ 3.74 (q, J = 5.2 Hz,
2H), 3.69 (d, J = 4.2 Hz, 6H), 3.62 (t, J = 4.6 Hz, 2H), 3.41 (t, J = 5.0
Hz, 2H), 2.67 (t, J = 6.1 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ
72.39, 70.48, 70.22, 69.88, 61.55, 50.48.
Ethyl[2-(2-(2-azidoethoxy)ethoxy)ethoxy]acetate (4). To a stirred

suspension of compound 3 (2.0 g, 11.4 mmol) in dry THF (30 mL)
were added ethyl bromoacetate (1.6 mL, 13.7 mmol, 1.2 equiv) and
NaH (0.55 g, 13.7 mmol, 1.2 equiv) at 0 °C for 10 min under an
argon atmosphere; then, the reaction mixture was refluxed for 8 h.
After the completion of the reaction, monitored by TLC, the reaction
mixture was added with H2O (10 mL). The separated aqueous layer
was extracted with CH2Cl2 (10 mL × 3). The organic extracts were
dried with anhydrous Na2SO4 and concentrated under reduced
pressure. The crude product was purified by silica gel column
chromatography with ethyl acetate−petroleum ether (2:3) to give
compound 4 as colorless oil (2.2 g, 73%). 1H NMR (400 MHz,
CDCl3): δ 4.22 (q, J = 7.1 Hz, 2H), 4.15 (s, 2H), 3.77−3.71 (m, 4H),
3.70−3.66 (m, 6H), 3.40 (t, J = 5.1 Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H).
13C NMR (100 MHz, CDCl3): δ 170.13, 70.56, 70.40, 70.34, 70.32,
69.75, 68.40, 68.38, 60.48, 60.46, 50.37, 13.91. MS (ESI): calcd for
C10H19N3NaO5 [M + Na]+, 284.12; found, 284.03.
Ethyl 2,2-Dimethyl-4,8-dioxo-3,6,12,15,18-pentaoxa-5,9-diazai-

cosan-20-oate (5). To a stirred solution of compound 4 (1.27 g,
4.86 mmol) in THF (10 mL) and H2O (1 mL) was added PMe3 (1 M
in THF) (14.6 mL, 14.58 mmol, 3.0 equiv) under an argon
atmosphere at rt for 2 h. After the completion of the reaction,
monitored by TLC, the reaction mixture was evaporated under
reduced pressure. The product was used in later reaction steps
without further purification.
The crude product was dissolved in dry CH2Cl2 (20 mL). EDC·

HCl (2.79 g, 14.58 mmol, 3.0 equiv), DMAP (59 mg, 0.486 mmol, 0.1
equiv), and Boc-aminooxy acetic acid (1.89 g, 9.72 mmol, 2.0 equiv)
were added to the stirred mixture under an argon atmosphere at rt for
2 h. After the completion of the reaction, monitored by TLC, the
reaction mixture was added with water (10 mL). The separated
aqueous layer was extracted with CH2Cl2 (10 mL × 3). The organic
extracts were dried with anhydrous Na2SO4 and concentrated under
reduced pressure. The crude product was purified by silica gel column
chromatography with CH2Cl2/MeOH (20:1) to give compound 5 as
colorless oil (1.2 g, 61% yield over two steps): 1H NMR (400 MHz,
CDCl3): δ 4.33 (s, 2H), 4.22 (qd, J = 7.2, 1.4 Hz, 2H), 4.16 (d, J = 1.4
Hz, 2H), 3.77−3.70 (m, 4H), 3.69−3.63 (m, 4H), 3.60 (t, J = 5.6 Hz,
2H), 3.50 (q, J = 5.6 Hz, 2H), 1.48 (d, J = 1.9 Hz, 9H), 1.29 (td, J =
7.2, 1.4 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 170.18, 168.98,
157.30, 81.85, 75.38, 70.44, 70.20, 70.11, 69.93, 69.17, 68.24, 60.52,
38.53, 27.82, 13.86. MS (ESI): calcd for C17H33N2O9 [M + H]+,
409.21; found, 409.11.
2,2-Dimethyl-4,8-dioxo-3,6,12,15,18-pentaoxa-5,9-diazaicosan-

20-oic Acid (6). To a stirred solution of compound 5 (80 mg, 0.19
mmol) in THF (4 mL) was added NaOH (1 M, 4 mL) at rt for 3 h.
After the completion of the reaction, monitored by TLC, the reaction
mixture was neutralized with 1 M HCl, and the whole sample was
extracted with CH2Cl2 (3 mL) three times. The organic extracts were

dried with anhydrous Na2SO4 and concentrated under reduced
pressure to give compound 6 as colorless oil (70 mg, 97%): 1H NMR
(400 MHz, CDCl3): δ 8.58 (s, 1H), 4.38 (s, 2H), 4.17 (s, 2H), 3.78−
3.74 (m, 2H), 3.73−3.64 (m, 6H), 3.61 (t, J = 5.3 Hz, 2H), 3.52 (t, J
= 5.4 Hz, 2H), 1.48 (s, 9H). 13C NMR (100 MHz, CDCl3): δ 172.61,
169.75, 157.65, 82.42, 75.39, 70.78, 70.28, 70.23, 69.96, 69.28, 68.31,
38.84, 27.99. MS (ESI): calcd for C15H27N2O9 [M − H]+, 379.17;
found, 379.06.

N-((2S,3S,4R)-1-(((2S,3R,4S,5S,6R)-6-(Azidomethyl)-3,4-bis-
(benzyloxy)-5-hydroxytetrahydro-2-pyran-2-yl)oxy)-3,4-bis-
(benzyloxy)nonadecan-2-yl)hexacosanamide (8). The preparation
of compound 8 was carried out according to the method in the
previous report.32 To a solution of compound 7 (0.16 g, 0.13 mmol)
in anhydrous CH2Cl2 (5 mL) were added Et3N (36 μL, 0.26 mmol,
2.0 equiv) and TsCl (38 mg, 0.19 mmol, 1.5 equiv) at 0 °C for 10 min
under an argon atmosphere; then, the mixture was warmed to rt and
stirred for 2 h. After the completion of the reaction, monitored by
TLC, the reaction mixture was washed with saturated aqueous
NH4Cl, and the whole sample was extracted with CH2Cl2 (10 mL ×
3). The organic extracts were dried with anhydrous Na2SO4 and then
concentrated under reduced pressure. The resulting residue was used
in later reaction steps without further purification.

The crude product was dissolved in anhydrous DMF (10 mL) and
NaN3 (25 mg, 0.39 mmol, 3.0 equiv) was added to the stirred mixture
at 80 °C for 5 h. After the completion of the reaction, monitored by
TLC, the reaction mixture was diluted with CH2Cl2 (5 mL) and
washed with H2O (5 mL). The separated aqueous layer was washed
with CH2Cl2 (5 mL × 3). The organic extracts were dried with
anhydrous Na2SO4 and then concentrated under reduced pressure.
The crude product was purified by silica gel column chromatography
with ethyl acetate−petroleum ether (1:5) to give product 8 as a white
foam (0.13 g, 81% yield over two steps): 1H NMR (400 MHz,
CDCl3): δ 7.36−7.25 (m, 20H), 5.89 (d, J = 8.7 Hz, 1H), 4.83 (s,
1H), 4.73 (dt, J = 19.4, 11.4 Hz, 4H), 4.64−4.56 (m, 2H), 4.51 (dd, J
= 11.7, 6.4 Hz, 2H), 4.34−4.26 (m, 1H), 3.91 (s, 1H), 3.85 (d, J = 5.1
Hz, 2H), 3.78 (d, J = 24.5 Hz, 4H), 3.61−3.49 (m, 2H), 3.30 (dd, J =
12.8, 4.8 Hz, 1H), 2.48 (s, 1H), 1.93 (q, J = 7.1 Hz, 2H), 1.72−1.61
(m, 4H), 1.53−1.37 (m, 4H), 1.24 (d, J = 6.5 Hz, 64H), 0.88 (t, J =
6.6 Hz, 6H). 13C NMR (100 MHz, CDCl3): δ 172.84, 138.53, 138.41,
138.04, 137.73, 128.54, 128.42, 128.35, 128.04, 127.93, 127.85,
127.77, 127.62, 127.57, 98.58, 79.64, 78.91, 75.62, 73.38, 73.09, 72.60,
71.71, 68.93, 68.52, 67.67, 51.16, 49.97, 36.72, 31.91, 29.81, 29.70,
29.62, 29.44, 29.36, 25.83, 25.71, 22.68, 14.13. MS (ESI): calcd for
C78H123N4O8 [M + H]+, 1243.93; found, 1243.57.

tert-Butyl((1-((2R,3R,4S,5R,6S)-6-(((2S,3S,4R)-2-hexacosanami-
do-3,4-dihydroxynonadecyl)oxy)-3,4,5-trihydroxytetrahydro-2H-
pyran-2-yl)-3,15-dioxo-5,8,11-trioxa-2,14-diazahexadecan-16-yl)-
oxy)carbamate (9). A mixture of compound 8 (34 mg, 0.027 mmol)
and Pd(OH)2/C (20% wt on carbon, 16 mg) in MeOH (3 mL) and
CH2Cl2 (3 mL) was stirred for 8 h at rt under a H2 atmosphere and
then filtrated through a short pad of Celite with MeOH/CH2Cl2
(3:1). The filtrate was concentrated under reduced pressure to give a
crude amine as a white solid. To a solution of the amine in anhydrous
MeOH (2 mL) and CH2Cl2 (2 mL) were added 6 (20 mg, 0.054
mmol, 2.0 equiv), HBTU (15 mg, 0.041 mmol, 1.5 equiv), and NMM
(30 μL, 0.27 mmol, 10 equiv) under an argon atmosphere at rt for 2
h. After the completion of the reaction, monitored by TLC, the
solvent was evaporated under the reduced pressure. The resultant
mixture was purified by silica gel flash column chromatography with
CH2Cl2−MeOH (15:1) to give 9 as a white solid (17 mg, 53% yield
over two steps, >95% pure by HPLC): 1H NMR (400 MHz, CDCl3/
CD3OD = 1:1, reference peak TMS at 0.00 ppm): δ 4.89 (d, J = 3.6
Hz, 1H), 4.30 (s, 2H), 4.18 (d, J = 5.0 Hz, 1H), 4.02 (d, J = 5.5 Hz,
2H), 3.84 (d, J = 3.0 Hz, 2H), 3.80 (dd, J = 13.2, 3.7 Hz, 1H), 3.75
(d, J = 3.1 Hz, 1H), 3.70 (d, J = 3.8 Hz, 8H), 3.65−3.60 (m, 5H),
3.58−3.53 (m, 3H), 3.50 (t, J = 5.5 Hz, 2H), 2.21 (t, J = 7.6 Hz, 2H),
1.64 (d, J = 13.2 Hz, 3H), 1.50 (s, 9H), 1.27 (s, 69H), 0.90 (d, J = 6.3
Hz, 6H). 13C NMR (100 MHz, CDCl3/CD3OD = 1:1, reference peak
CD3OD at 49.00 ppm): δ 174.91, 172.24, 170.73, 158.80, 100.16,
82.68, 75.82, 74.83, 72.83, 72.39, 71.36, 70.83, 70.70, 70.62, 70.59,
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70.43, 69.96, 69.78, 69.31, 69.21, 67.60, 63.80, 50.79, 39.82, 39.30,
36.89, 32.73, 32.39, 30.28, 30.25, 30.20, 30.18, 30.12, 30.09, 30.04,
29.93, 29.83, 29.81, 28.39, 26.41, 26.36, 23.12, 14.31. HRMS (ESI):
calcd for C65H126N4NaO16 [M + Na]+, 1241.9061; found, 1241.9010.
N-((2S,3S,4R)-1-(((2S,3R,4S,5R,6R)-6-(16-(Aminooxy)-3,15-dioxo-

5,8,11-trioxa-2,14-diazahexadecyl)-3,4,5-trihydroxytetrahydro-2H-
pyran-2-yl)oxy)-3,4-dihydroxynonadecan-2-yl)hexacosanamide
(1). Compound 9 (4 mg, 3.28 μmol) was dissolved in CH2Cl2/TFA
(10:1, 2 mL) at 0 °C, and the mixture was stirred for 0.5 h at rt under
an argon atmosphere and then concentrated to dryness. The excess of
TFA was removed by co-evaporation with CH2Cl2 under reduced
pressure to give compound 1 as a white solid (3.6 mg, quantitative
yield, >95% pure by HPLC), used in the next step without further
purification. 1H NMR (400 MHz, CDCl3/CD3OD = 1:1, reference
peak TMS at 0.00 ppm): δ 4.89 (d, J = 3.6 Hz, 1H), 4.16 (s, 2H),
4.05−3.96 (m, 2H), 3.84 (d, J = 6.2 Hz, 2H), 3.82−3.77 (m, 2H),
3.76 (s, 1H), 3.69 (t, J = 5.8 Hz, 10H), 3.61 (t, J = 5.0 Hz, 5H), 3.50
(t, J = 5.3 Hz, 2H), 2.22 (d, J = 5.8 Hz, 2H), 1.62 (s, 4H), 1.27 (s,
68H), 0.87 (s, 6H). 13C NMR (100 MHz, CDCl3/CD3OD = 1:1,
reference peak CD3OD at 49.00 ppm): δ 174.91, 172.24, 170.73,
100.16, 75.82, 74.83, 72.83, 72.39, 71.36, 70.83, 70.70, 70.62, 70.59,
70.43, 69.96, 69.78, 69.31, 69.21, 67.60, 63.80, 50.79, 39.82, 39.30,
36.89, 32.73, 32.39, 30.28, 30.25, 30.20, 30.18, 30.12, 30.09, 30.04,
29.93, 29.83, 29.81, 26.41, 26.36, 23.12, 14.31. HRMS (ESI): calcd
for C60H118N4NaO14 [M + Na]+, 1141.8537; found, 1141.8399.
αGalCer-RBD. The preparation of αGalCer-RBD was carried out

according to the method in a previous report.38,39 The RBD protein
solution and PLP stock solution were combined in equal volumes to
give a final concentration of 10 mM PLP and 10 μM RBD protein in
PBS at pH 6.5. The reaction mixture was briefly agitated to ensure
mixing and then incubated without further agitation at 37 °C for 24 h.
Following the reaction, the PLP was removed using Amicon
Ultrafiltration 0.5 mL units with a molecular weight cutoff
(MWCO) of 10 kDa (Millipore). The sample was then concentrated
to 100 μL after buffer exchange, and the process was repeated three
times. The resulting 100 μL of keto-protein was treated with
compound 1 (2 mM) in 1 mL of PBS/DMF (4:1, v/v, pH 5.5) and
incubated at rt for 48 h. Buffer (containing 10% DMF) exchange steps
were again repeated to stop the reaction and remove the excess
adjuvant compound 1. Since the lipid moiety of compound 1 is
hydrophobic in aqueous buffer, the αGalCer-RBD conjugate and
unreacted RBD protein were separated through centrifugation (1000g,
10 min, rt). The unreacted RBD in the supernatant was detected to
calculate the conjugation reaction yield, which showed that the total
yield was more than 85%. The high yield was in agreement with that
of RhB-RBD (Figure S2). The purified αGalCer-RBD conjugate was
then analyzed by MALDI-TOF mass spectrometry and used for the
vaccine preparation.
Immunological Test. Materials and Reagents. Reagents used

were RPMI-1640, DMEM (Gibco), and FBS (fetal bovine serum)
(Gibco). The SARS-CoV-2-S-RBD was purchased from SinoBio-
logical (40592-VNAH, 1.02 mg/mL in PBS, no His-tag). Bovine
serum albumin (BSA) and the alum adjuvant (Alum) were purchased
from Thermo Fisher Scientific. 1,2-Distearoyl-sn-glycero-3-phospho-
choline (DSPC) was purchased from TCI. Cholesterol was purchased
from Energy Chemical. Peroxidase-conjugated AffiniPure goat anti-
mouse kappa, IgG1, IgG2a, IgG2b, and IgG3 antibodies were
purchased from Southern Biotechnology, and peroxidase-conjugated
AffiniPure goat anti-mouse kappa antibodies IgG and IgM were
purchased from Jackson ImmunoResearch. The stable ACE2-
HEK293 cell line was generated from HEK293 cells, which were
transfected with an empty pCMV6-AC-GFP plasmid and a pCMV6-
AC-GFP plasmid with a human ACE2 gene. The cells were selected
by G418 (500 μg/mL). Monoclonal cell lines were derived by limited
dilution. All animal experiments were performed at Laboratory
Animal Centre of Huazhong Agriculture University (Wuhan, China).
Animal experiments were conducted according to the animal ethics
guidelines and following the recommendations concerning laboratory
animal welfare.

Preparation and Characterization of Liposomes for Candidate
Vaccines. Liposomal formulations of αGalCer-RBD and RBD/
αGalCer were prepared by following previously reported proto-
cols.32,50 To prepare the liposomes for one dose, a mixture of DSPC
(13.64 μg, 16.40 nmol) and cholesterol (5.34 μg, 13.12 nmol) (and
αGalCer (0.28 μg, 0.33 nmol) for RBD/αGalCer liposomes) was
dissolved in 2 mL of CH2Cl2/MeOH (1:1, v/v); the solvents were
removed under reduced pressure through evaporation, which
generated a thin lipid film on the flask wall. Then, αGalCer-RBD
(62.16 μg, 1.97 nmol) (or RBD, 60 μg, 1.97 nmol) was added in the
flask followed by overnight freeze drying. Next, 1.2 mL of PBS (pH
7.4) was added to hydrate the film, which was finally sonicated for 10
min and injected to mice (200 μL per mouse) immediately. The
molar ratio of DSPC/cholesterol/antigen protein was 50:40:1. The
average particle diameter and zeta potential were characterized using a
Zetasizer Nano ZS instrument (Malvern) at rt.

In Vivo Cytokine Assay by ELISA. The cytokine levels in mice sera
were assayed using ELISA kits (IFN-γ and IL-4, BD Pharmingen)
according to the manufacturer’s protocol. Briefly, 96-well plates
(Costar type 3590, Corning Inc.) were coated with capture antibodies
dissolved in the coating buffer per well and incubated at 4 °C
overnight. The wells were then blocked with FBS for 1 h at rt. After
blocking, 100 μL/well standard, sera, or control was added and
incubated for 2 h at rt. After washing, the working detector (detection
antibody and Sav-HRP reagent) was added to each well. The plates
were incubated for 1 h at rt. Then, the plates were washed, and the
tetramethyl benzidine (TMB) substrate solution was added for 30
min in the dark. The reactions were stopped with 2 N H2SO4 at rt.
The absorbance was measured at 450 nm using a plate reader
(BioTek, Synergy H1).

Analysis of Antibody Titers and Subtypes by ELISA. The RBD
protein was dissolved in the prepared NaHCO3/Na2CO3 buffer (50
mM, pH 9.5) with a final concentration of 1 μg/mL. Next, 96-well
plates were coated with the RBD protein at 4 °C overnight. Then, the
coated plates were washed three times with PBST (PBS + 0.1%
Tween) and blocked with 2% BSA in PBS (100 μL/well) at 37 °C for
1 h. After washing three times, the plates were incubated with the
serially diluted sera samples in PBS containing 0.1% BSA (100 μL/
well) at 37 °C for 1 h. After other washing steps, the plates were
incubated with one of the HRP-linked goat anti-mouse antibody IgG,
IgM, IgG1, IgG2a, IgG2b, or IgG3, 1:5000 dilution in PBST (100 μL/
well) at 37 °C for 1 h. After the final washing steps, TMB (500 μL, 0.2
mg/mL) in 9.5 mL of 0.05 M phosphate citrate buffer at pH 5.0 with
32 μL of 3% (w/v) urea hydrogen peroxide was added and allowed to
react for 5 min in the dark. Next, the colorimetric reactions were
terminated with 2.0 M H2SO4. Absorbance was recorded at 450 nm
with a microplate reader (BioTek, Synergy H1).

Analysis of IFN-γ Secreting cells of Splenocytes by ELISPOT. IFN-
γ secreting cells of splenocytes from each immunized group after the
last boost were detected using ELISPOT kits (DAKEWE) according
to the manufacturer’s instructions. The 96-well plates were precoated
with rat anti-mouse IFN-γ. A total of 200 μL of RPMI1640 without
FBS was added to each well to activate the monoclonal antibodies.
Splenocytes harvested from vaccinated mice were seeded into the
wells (1 × 106 cells/well) in RPMI 1640 with 10% (v/v) FBS, 100 U/
mL penicillin, and 100 μg/mL streptomycin containing 50 μg/mL
peptide pool (GenScript, RP30020) (Spike, 1Met-643Phe, 158
peptides (15 mers with 11 aa overlap) spanning the SARS-CoV-2-S
RBD) in duplicate. The cells were first cultured for 18 h at 37 °C and
5% CO2 and then lysed with distilled H2O for 10 min at 4 °C. After
washing the plates six times, biotinylated anti-mouse IFN-γ antibodies
(1:100) were added and incubated for 1 h at 37 °C. After other
washing steps, the plates were incubated with streptavidin-HRP
(1:100) for additional 1 h. After the final washing steps, AEC was
added at 100 μL per well to develop spots in the dark for 30 min at rt;
then, the reaction was quenched with distilled H2O, and plates were
air dried before counting.

Intracellular Cytokine Staining and Flow Cytometry. Cytokine-
producing CD4+ and CD8+ T cells were evaluated in vitro with flow
cytometry. Splenocytes of immunized mice after the last boost were
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cultured in RPMI medium 1640 with 10% (v/v) FBS, 100 U/mL
penicillin, and 100 μg/mL streptomycin containing 50 μg/mL peptide
pool for 18 h. Brefeldin A (BD Biosciences) was administrated 12 h
before staining to block intracellular cytokine secretion. Cells were
then washed in stain buffer (1% BSA, 1% FBS and 0.1% (m/v) NaN3
in PBS) and stained for 30 min at 4 °C with anti-CD3, anti-CD8, and
anti-CD4 (all from BioLegend). Afterward, cells were fixed and
permeabilized to facilitate intracellular staining with anti-IFN-γ and
anti-IL-4 (BioLegend). For NKT-mediated DC activation assay, cells
were stained with anti-CD11c and anti-CD86 (Biolegend). All labeled
lymphocytes were gated on a FACSAriaIII flow cytometer (BD
Biosciences).
Pseudovirus Neutralization Assay. Pseudovirus neutralization

assay was performed using lentivirus-based SARS-CoV-2 pseudovi-
ruses bearing WT (Genomeditech, GM-0220PV07) and B.1.1.7
(Genomeditech, GM-0220PV33), B.1.351 (Genomeditech, GM-
0220PV32), P.1 (Genomeditech, GM-0220PV47), B.1.617.2 (Ge-
nomeditech, GM-0220PV45), and B.1.1.529/omicron (Genomedi-
tech, GM-0220PV84) variant spike protein. Briefly, mouse sera were
preheated at 56 °C for 30 min and serially diluted before incubating
with 2 × 104 TCID50 pseudoviruses for 1 h at rt in duplicate. The
mixture was added to 2 × 104 HEK293T-ACE2 cells per well and
incubated for 48 h of incubation in a 5% CO2 environment at 37 °C.
The luminescence was measured using a Bio-lite luciferase assay
system (Genomeditech, G0483M001 and G0483M002) and detected
for relative light units (RLUs) using a microplate reader (BioTek,
Synergy H1). The titer of neutralization antibody (pVNT50) was
defined as the reciprocal serum dilution at which the RLUs were
reduced by 50% compared to those in the virus control wells (virus +
cells) after the subtraction of background RLUs in the control groups
with cells only.
Live Virus Neutralization Assay. A plaque reduction neutralization

test (PRNT) for live SARS-CoV-2 virus was developed as previously
described.61 Briefly, Vero E6 cells were seeded at 1.5 × 105 per well in
a 24-well culture plate and grown overnight before use. Serial twofold
dilutions of heat-inactivated (30 min at 56 °C) serum samples were
prepared in DMEM medium. An equal volume of SARS-CoV-2
working stock containing 200 TCID50 was added, and the serum−
virus mixture was incubated at 37 °C for 1 h. The antibody−virus
mixture was then added into the 24-well culture plate with the cell
supernatant removed and incubated for 1 h at 37 °C. The serum−
virus mixture was removed from Vero E6 cells followed by DMEM,
and 0.9% carboxymethyl cellulose was overlaid. At 3 days after
infection, cells were fixed and stained and then rinsed with water.
Cells infected with SARS-CoV-2 were applied as the positive control.
Neutralization (%) was calculated as the percentage of reduced
plagues in the presence of 1/400 diluted sera from different
vaccination groups. The neutralization titer (NT50) was expressed
as the reciprocal of the serum dilution that prevented the viral
cytopathic effect in 50% of the wells. All the work with live SARS-
CoV-2 virus was performed in a biosafety level 3 facility at the Wuhan
Institute of Virology.
Analysis of Inhibition of RBD-His Binding to HEK293-ACE2 Cells.

A FACS-based method was used to evaluate the inhibition rate of
binding between RBD-His and HEK293-ACE2 cells. Briefly, freshly
trypsinized ACE2-HEK293 cells in stain buffer (1% BSA, 1% FBS and
0.1% (m/v) NaN3 in PBS) were added in 1.5 mL microcentrifuge
tubes (1 × 106/tube) and then incubated with the recombinant spike
RBD-His (0.5 μg/mL) protein and pooled sera (1/20 diluted) from
immunized mice of each group for 1 h at 4 °C. Cells were then
washed three times with PBS and stained with His-tag antibody iFluor
647 (GenScript) for 30 min. After another washing step, cells were
analyzed on a FACSAriaIII flow cytometer (BD Biosciences).
Statistical Analyses. Comparison of multiple groups for statistical

significance was carried out via one-way ANOVA with Tukey post hoc
tests. Statistically significant responses are indicated by asterisks; data
were analyzed using GraphPad Prism (GraphPad Software, San
Diego, CA). Flow cytometry data were analyzed in Cytexpert 2.3
software.
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