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Abstract Large-scale populations in the world have been vaccinated with COVID-19 vaccines,
however, breakthrough infections of SARS-CoV-2 are still growing rapidly due to the emergence
of immune-evasive variants, especially Omicron. It is urgent to develop effective broad-spectrum
vaccines to better control the pandemic of these variants. Here, we present a mosaic-type trimeric
form of spike receptor-binding domain (mos-tri-RBD) as a broad-spectrum vaccine candidate,
which carries the key mutations from Omicron and other circulating variants. Tests in rats showed
that the designed mos-tri-RBD, whether used alone or as a booster shot, elicited potent cross-
neutralizing antibodies against not only Omicron but also other immune-evasive variants. Neutral-
izing antibody ID50 titers induced by mos-tri-RBD were substantially higher than those elicited

by homo-tri-RBD (containing homologous RBDs from prototype strain) or the BIBP inactivated
COVID-19 vaccine (BBIBP-CorV). Our study indicates that mos-tri-RBD is highly immunogenic,
which may serve as a broad-spectrum vaccine candidate in combating SARS-CoV-2 variants
including Omicron.

Editor's evaluation

In this work, the authors test, in an animal model, a vaccine booster incorporating three linked
SARS-CoV-2 spike receptor binding domain sub-units containing mutations from Omicron sub-
variant BA.1 as well as other variants. They demonstrate that this is more effective at boosting
neutralizing immunity against Omicron sub-variants and other variants including Beta and Delta than
the same vaccine design but incorporating ancestral SARS-CoV-2 spike. While vaccine manufac-
turers are currently racing to make boosters based on Omicron sub-variant sequences, the approach
presented in this paper, which combines mutations in addition to those found on individual Omicron
sub-variant sequences, may offer another perspective on how to boost previous vaccine immunity to
tackle emerging variants.
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elife digest The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic
continues to pose a serious threat to public health and has so far resulted in over six million deaths
worldwide. Mass vaccination programs have reduced the risk of serious illness and death in many
people, but the virus continues to persist and circulate in communities across the globe. Furthermore,
the current vaccines may be less effective against the new variants of the virus, such as Omicron
and Delta, which are continually emerging and evolving. Therefore, it is urgent to develop effective
vaccines that can provide broad protection against existing and future forms of SARS-CoV-2.

There are several different types of SARS-CoV-2 vaccine, but they all work in a similar way. They
contain molecules that induce immune responses in individuals to help the body recognize and more
effectively fight SARS-CoV-2 if they happen to encounter it in the future. These immune responses
may be so specific that new variants of a virus may not be recognized by them. Therefore, a commonly
used strategy for producing vaccines with broad protection is to make multiple vaccines that each
targets different variants and then mix them together before administering to patients.

Here, Zhang et al. took a different approach by designing a new vaccine candidate against
SARS-CoV2 that contained three different versions of part of a SARS-CoV2 protein - the so-called
spike protein — all linked together as one molecule. The different versions of the spike protein frag-
ment were designed to include key features of the fragments found in Omicron and several other
SARS-CoV-2 variants. The experiments found that this candidate vaccine elicited a much higher
immune response against Omicron and other SARS-CoV-2 variants in rats than an existing SARS-
CoV-2 vaccine. It was also effective as a booster shot after a first vaccination with the existing SARS-
CoV-2 vaccine.

These findings demonstrate that the molecule developed by Zhang et al. induces potent and
broad immune responses against different variants of SARS-CoV-2 including Omicron in rats. The
next steps following on from this work are to evaluate the safety and immunogenicity of this vaccine
candidate in clinical trials. In the future, it may be possible to use a similar approach to develop new
broad-spectrum vaccines against other viruses.

Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is continuously evolving, and the
emergence of new variants has caused successive waves of coronavirus disease 2019 (COVID-19).
Among the circulating variants, five strains, including Alpha, Beta, Gamma, Delta, and Omicron, have
been classified into variants of concern (VOCs) by the World Health Organization (WHO) (https://
www.who.int/en/activities/tracking-SARS-CoV-2-variants/). Alpha, as the first VOC, became a globally
dominant strain in early 2021, which was then replaced by Delta variant from the summer of 2021.
These two variants exhibited slightly and moderately less sensitivity to neutralization by serum from
vaccinated individuals, with one- to twofold and two- to threefold reductions in neutralizing titers,
respectively (Lipsitch et al., 2022, Muik et al., 2021; Widge et al., 2021; Planas et al., 2021; Wu
et al., 2021b; Pegu et al., 2021). Beta and Gamma variants outbroke in Africa and South America
from early to mid-2021, respectively. Beta variant showed significantly greater immune escape capa-
bility and was 3- to 15-fold less susceptible to neutralization by vaccine-induced antibodies (Lipsitch
et al., 2022; Planas et al., 2021; Edara et al., 2021; Shen et al., 2021). Gamma strain also exhibited
obvious reduced neutralizing sensitivity, but the reduction in neutralizing titers was not as substantial
as that of Beta strain (Lazarevic et al., 2021, Wang et al., 2021; Dejnirattisai et al., 2021). Besides
that, the variants of interest (VOIs) designated by WHO, including Lambda and Mu, have also been
reported to have certain immune evasion abilities (Liu et al., 2021; Lou et al., 2021). The poten-
tial immune escape of SARS-CoV-2 variants raised concerns about the efficacy of current COVID-19
vaccines, and new generation vaccines specific to Beta variant have been developed by several groups
(Wu et al., 2021a; Callaway and Ledford, 2021; Logue et al., 2021).

Recently, the pandemic of Omicron variant posed a more serious threat to the protective effec-
tiveness of the currently used vaccines. The Omicron variant, also known as B.1.1.529, was first
detected in Botswana and reported from South Africa, which was considered to be associated with
the sharp rise of infection cases in multiple provinces in South Africa (https://www.who.int/news/
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item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern). Preliminary
evidence indicates that this variant may be more transmissible and may have a higher reinfection risk
than other VOCs, and thus just two days after its discovery, Omicron has been assigned as a VOC
by the WHO (Vaughan, 2021; Callaway, 2021; Kupferschmidt and Vogel, 2021, Torjesen, 2021).
According to the data from GISGAID, so far, Omicron has spread rapidly to more than 95 countries
and the reported cases of this variant are growing rapidly around the world (https://www.gisaid.org/
hcov19-variants/). Omicron carries 15 mutations in the receptor binding domain (RBD) of the spike (S)
protein that is the immunodominant target of neutralizing antibodies. Compared with other VOCs,
the substantially more mutations, as well as their important locations for antibody binding, may enable
Omicron to escape the immune protection offered by previous infection or vaccination. Our recent
study on the neutralizing sensitivity of the convalescent serum against pseudo-typed Omicron showed
that the mean neutralizing titer at a 50% inhibitory dilution (ID50) was significantly decreased 8.4-fold
compared to the D614G strain (Zhang et al., 2022). Several studies reported by other groups also
demonstrated remarkable resistance of Omicron to neutralization by sera from convalescent patients
or vaccinated individuals. Neutralizing antibody ID50 titers against Omicron variant in the individuals
administered by mRNA COVID-19 vaccines were dramatically reduced 8.6-22 folds compared to the
D614G reference strain and by contrast, only 4.3- to 5-fold decline was observed for Beta variant (Liu
et al., 2022; Cele et al., 2022). Sera from the individuals vaccinated with two doses of ChAdOx1 or
Ad26.COV2.S failed to neutralize Omicron (Liu et al., 2022; Réssler et al., 2021). Tests on a panel
of existing SARS-CoV-2 neutralizing antibodies showed that Omicron variant evaded neutralization
of the majority of these antibodies (Cao et al., 2022). As of February 2022, the Omicron variant has
evolved into multiple lineages, including BA.1, BA.2, and BA.3. The extensive immune-escape capa-
bility of Omicron and other circulating SARS-CoV-2 variants from previous infections and vaccinations
raises an urgent need of developing effective broad-spectrum vaccines against these immune-evasive
variants.

Guided by structural and computational analyses of S protein RBD, we have developed a trimeric
form of RBD vaccine candidate, that is, the homologous trimeric RBD (homo-tri-RBD), in which three
RBDs from the prototype SARS-CoV-2 strain were connected end-to-end into a single molecule and
co-assembled into a trimeric form (Liang et al., 2022). Animal experiments and clinical trials have
demonstrated potent protection offered by this vaccine against SARS-CoV-2 (Liang et al., 2022;
Kaabi et al., 2022). At present, homo-tri-RBD has completed phase I/Il clinical trial and approved
by the United Arab Emirates for emergency use. Here, our vaccine design scheme was extended to
broaden its immune response against SARS-CoV-2 variants. Targeting SARS-CoV-2 Omicron and other
immune-evasive variants, we present a mosaic-type trimeric RBD (mos-tri-RBD) vaccine candidate, in
which the key mutations derived from Omicron (BA.1) as well as other VOCs and VOIs were integrated
into the immunogen. The immunogenicity of the designed mos-tri-RBD was evaluated in rats by using
live-virus neutralization assays. To illustrate its superiority in stimulating broad-spectrum neutralizing
activities against Omicron and other immune-evasive variants, the cross-reactive immunity induced
by mos-tri-RBD was compared with that elicited by homo-tri-RBD and the BIBP inactivated COVID-19
vaccine (BBIBP-CorV). Especially, given that large-scale populations worldwide have received the
primary series of vaccination, the immunogenicity of the designed mos-tri-RBD as a booster dose
following the primary vaccination of BBIBP-CorV was also evaluated and compared with the booster
vaccinations of homo-tri-RBD and BBIBP-CorV. Our results showed that the immunization with mos-
tri-RBD either alone or as a booster dose elicited potent broad-reactive neutralizing response against
SARS-CoV-2 variants including Omicron, which was immunogenically superior to homo-tri-RBD and
BBIBP-CorV.

Results

Design of the mos-tri-RBD based on the RBDs from SARS-CoV-2
Omicron and other variants

RBD forms a relatively compacted and isolated domain in the structure of spike (S) protein, and the
beta-sheets in the core as well as the existence of four disulfide bonds stabilizes the tertiary struc-
ture of the domain. The N- and C-termini of RBD are close together, and there exist long loops in
both termini. These structural features inspired our construction of a trimeric form of RBD (tri-RBD)
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Table 1. The details on the eight selected through an end-to-end connection of three RBDs
mutations integrated into the two artificially into a single chain, in which their own long loops
designed RBDs. at the N- and C-termini serve as the linkers. The
Rank of the designed tri-RBD enables the accommodation
observed  VOCs and VOIs of three RBDs in one immunogen, which can
Mutations  frequency  carrying the mutations 1,0 oytended to include Omicron RBD into the
L452R 1 Delta immunogen.

In this study, mos-tri-RBD was designed
targeting Omicron as well as other emerging
variants with distinct immune evasion capability.
Mos-tri-RBD also consisted of three RBDs, one of

T478K 2 Delta, Omicron

N501Y

w

Alpha, Beta, Gamma,
Omicron, Mu

E484K 4 Beta, Gamma, Mu which was derived from Omicron and the other
K417T 5 Gamma two were artificially designed to carry the key
S477N 6 Omicron mutations appe'aring' in SARSTCoV-Z var.iants.

These key mutations integrated into mos-tri-RBD
Ka1/N 8 Beta, Omicron were selected as those appearing in SARS-CoV-2
F490S 10 Lambda VOCs or VOIs and simultaneously being ranked in

the top ten most frequently occurring mutations
in RBD as counted by Wei group (https://weilab.
math.msu.edu/MutationAnalyzer/). According
to this criterion, a total of eight mutations were
chosen and introduced into the two artificially designed RBDs (The details on these mutations were
provided in Table 1), where one RBD contained the mutations of K417N, L452R, T478K, F490S and
N501Y, and the other included K417T, S477N and E484K (Figure 1A). Many pieces of evidence have
indicated that these mutations largely contribute to the immune escape of the related variants. We
sought to integrate these key mutations into a single immunogen to elicit cross-neutralization against
not only SARS-CoV-2 Omicron but also other circulating variants. To facilitate the self-trimerization of
mos-tri-RBD, for each RBD the residues 319-537 were truncated from the S protein to retain the long
loops at both termini, as shown in Figure 1A. Our previous studies have shown that the RBDs with this
truncation scheme can correctly fold and co-assemble into a trimeric structure (Liang et al., 2022).

Expression, identification, and characterization of the recombinant
mos-tri-RBD protein

The recombinant mos-tri-RBD was expressed using CHO cells, and then purified by chromatography
and ultrafiltration as described previously (Liang et al., 2022). Based on the sequence of the designed
mos-tri-RBD, the theoretically calculated mass of each RBD was about 24-25 kDa, and that of the entire
mos-tri-RBD was approximately 74 kDa. SDS-PAGE analysis displayed an obvious band corresponding
to the molecular mass of about 92 kDa (Figure 1B), implying the formation of the trimeric RBD. The
measured mass was larger than the theoretical value calculated by the sequence, which was attributed
to the heavy glycosylation of the protein as discussed in our previous studies (Liang et al., 2022).
To determine the biological function of the recombinant mos-tri-RBD, its binding ability to an RBD-
specific monoclonal neutralizing antibody MM117 was tested using enzyme-linked immunosorbent
assay (ELISA). MM 117 has been proved to be able to bind specifically with the RBDs of SARS-CoV-2
prototype, Omicron and Delta strains. Protein concentration-dependent binding activity was observed
for MM 117, suggesting the formation of native conformation of the RBDs in mos-tri-RBD (Figure 1C).
Furthermore, the binding avidity of mos-tri-RBD with the receptor human angiotensin converting
enzyme 2 (hACE2) was also measured using surface plasmon resonance (SPR) assay. The association
rate constant (k,) and dissociation rate constant (k) were quantified to be 3.87 x 10’ ¥~ !s~! and
259 x 107 s, respectively, and thus the apparent dissociation constant K, was determined to be
6.69 x 1073 nM (Figure 1D). Many studies have revealed that the dissociation constant for the proto-
type monomeric RBD binding to hACE2 was in the range of 2.66 — 26.34 nM, and those for the Beta
and Omicron monomeric RBDs were 1.75 — 13.83 nM and 2.48 — 31.40 nM, respectively (Routhu et al.,
2021; Laffeber et al., 2021; Xu et al., 2022a; Xu et al., 2022b; Lan et al., 2022; Han et al., 2022).
The studies of Routhu et al. demonstrated that the hACE2 binding avidity of the RBD trimer was about
500-fold higher than that of the RBD monomer (Routhu et al., 2021). Our previous studies showed
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Figure 1. Design, expression and characterization of the mosaic-type trimeric form of RBD (mos-tri-RBD). (A)
Schematic illustration of the designed mos-tri-RBD. In mos-tri-RBD, three heterologous RBDs were connected end
to end into a single chain and co-assembled into a trimeric structure. For the three RBDs, one was derived from
the Omicron (BA.1) variant (green color), and the other two were artificially designed harboring the key immune-
evasion-related mutations that emerged in SARS-CoV-2 variants, in which one contained the mutations of K417N,
L452R, T478K, F490S, and N501Y (cyan color), and the other one contained K417T, S477N, and E484K (blue color).
These mutations are highlighted in the red ball-and-stick model in the figure. Each RBD subunit in mos-tri-RBD
was composed of the residues 319-537 from the spike protein. The dotted curves in the figure represent the
direct connection between the C-terminus of the former RBD and the N-terminus of the latter RBD. The schematic
structure of mos-tri-RBD was drawn by Chimera software (Pettersen et al., 2004) based on the PDB file with
accession number ézgi. (B) SDS-PAGE analysis of the recombinant mos-tri-RBD. (C) Concentration-dependent
binding ability of mos-tri-RBD with an RBD-specific monoclonal neutralizing antibody MM117 tested using ELISA.
(D) Binding avidity of mos-tri-RBD with the receptor hACE2 measured using SPR assay. In this figure, different
curves represent different concentrations of analyte (top to bottom: 263.70 ng/ml, 131.85 ng/ml, 65.93 ng/ml,
32.96 ng/ml, and 16.48 ng/ml). Both the original (color curves) and fitted (black curves) data are displayed.

Figure 1 continued on next page
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Figure 1 continued

The online version of this article includes the following source data for figure 1:

Source data 1. The raw files of SDS-PAGE results.

Source data 2. Concentration-dependent binding ability of mos-tri-RBD with the antibody MM117.

that the apparent dissociation constant for another designed trimeric RBD protein, which is composed
of three RBDs derived respectively from the prototype, Beta and Kappa viruses, binding to hACE2
was 3.20 x 1073 nM (Liang et al., 2022). The SPR detection results for the designed mos-tri-RBD were
consistent with our previous studies (Liang et al., 2022) and the results reported by Routhu et al.
(Routhu et al., 2021). The results of SPR assay verified the functionality of the designed mos-tri-RBD
and the correct folding of each RBD into its native conformation. All these results suggested that the
designed mos-tri-RBD assembled into a trimeric form and each RBD subunit correctly folded into its
native structure.

Mos-tri-RBD induced potent cross-reactive neutralizing response
against the live viruses of SARS-CoV-2 Omicron and other immune-
evasive variants

To evaluate the cross-reactive immunogenicity of the designed mos-tri-RBD, we intramuscularly
immunized rats using two doses of mos-tri-RBD mixed with Aluminum adjuvant three weeks apart.
Another three groups of rats received two doses of homo-tri-RBD, BBIBP-CorV or adjuvant, respec-
tively, with the same immunization regimen were used for comparison. Sera from the immunized rats
were collected on day 7 after the last vaccination (Figure 2A). Neutralizing ID50 titers in the sera
against multiple SARS-CoV-2 strains, including prototype, Omicron (BA.1.1), Beta and Delta strains,
were detected using live-virus neutralization assay.

Live-virus neutralization assay showed that compared with the prototype virus, the Omicron variant
exhibits substantially less susceptibility to neutralization elicited by two doses of BBIBP-CorV vacci-
nation. The geometric mean titer (GMT) of neutralizing antibodies against prototype strain was 699,
whereas the Omicron-specific neutralizing ID50 in half of the rats was less than the detectable limit
of the assay (Figure 2B), suggesting substantial evasion of Omicron variant from the immunity elic-
ited by BBIBP-CorV. The result was consistent with the findings of other studies that Omicron exhib-
ited significant immune escape capability (Zhang et al., 2022; Liu et al., 2022; Cele et al., 2022;
Réssler et al., 2021; Cao et al., 2022). Compared with BBIBP-CorV, homo-tri-RBD vaccination signifi-
cantly improved the neutralizing antibody GMT against Omicron virus from <31 to 1077, with a more
than 34.7-fold increase. Furthermore, remarkably enhanced neutralizing ID50 titers against Omicron
were elicited by mos-tri-RBD vaccination, in which the neutralizing GMT reached 2876, with 2.7-fold
and >92.8-fold increases in comparison to the homo-tri-RBD and BBIBP-CorV vaccinations, respec-
tively (Figure 2B). Statistical analysis showed that the anti-Omicron neutralizing antibody response
elicited by mos-tri-RBD was significantly higher than that of homo-tri-RBD (p=0.0057) and the neutral-
ization elicited by homo-tri-RBD was also significantly higher than that of BBIBP-CorV (p<0.0001). Our
study demonstrated that the designed mos-tri-RBD exhibited much higher immunogenicity against
Omicron variant than homo-tri-RBD and BBIBP-CorV. Mos-tri-RBD may serve as an effective vaccine
candidate in fighting against Omicron variant.

Similar results were also observed for Beta and Delta variants. In the rats immunized with BBIBP-
CorV, the neutralizing antibody GMT against Beta variant was reduced by 2.1-fold in comparison
with that against the prototype virus, suggesting a considerable immune escape of the variant. Many
previously reported results also found that Beta variant distinctly evaded the immunity offered by
natural infection or vaccination (Lipsitch et al., 2022; Planas et al., 2021; Edara et al., 2021; Shen
et al.,, 2021). While, compared to BBIBP-CorV, the anti-Beta neutralizing antibody GMT elicited by
homo-tri-RBD was increased from 328 to 2547 (7.8-fold), and further improved to 6917 (21.1-fold)
by mos-tri-RBD vaccination (Figure 2B). Similarly, for Delta variant, the neutralizing antibody GMTs
induced by homo-tri-RBD and mos-tri-RBD were 5.1-fold and 8.6-fold, respectively, higher than that
induced by BBIBP-CorV (Figure 2B). Our results indicated that besides Omicron variant, mos-tri-RBD
was also highly immunogenic against Beta and Delta variants.
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Figure 2. Evaluation of the cross-reactive immunogenicity of mos-tri-RBD against multiple SARS-CoV-2 strains, including prototype, Omicron, Beta and
Delta strains, using live-virus neutralization assay. (A) Timeline of rat immunization and serum collections. A group of Wistar rats (n=10 with half male and
half female) were immunized intramuscularly with two doses of mos-tri-RBD with three weeks apart. Another three groups of rats received two doses of
homo-tri-RBD, BBIBP-CorV and adjuvant, respectively, were used for comparison (n=10 rats per group with half male and half female). Sera from all the
immunized rats were collected on day 7 after the last vaccination. (B) The reciprocal neutralizing ID50 titers in the sera elicited by mos-tri-RBD compared
with those elicited by homo-tri-RBD and BBIBP-CorV against the live-viruses of SARS-CoV-2 prototype strain, and Omicron, Beta, and Delta variants.
The quantification limit of the live-virus neutralization assay was 20, and the ID50 titers below the limit of quantification (LOQ) were set to 20. Data

are presented as mean + SEM. One-way ANOVA followed by the LSD t-test was used for the comparison of data between different groups. *p<0.05,
**p<0.01, ****p<0.0001. GMT values are displayed in the lower part of the figure.

Figure 2 continued on next page
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Figure 2 continued
The online version of this article includes the following source data for figure 2:

Source data 1. Individual data of live-virus neutralizing ID50 titers against several SARS-CoV-2 circulating strains in the sera elicited by mos-tri-RBD
compared with those elicited by homo-tri-RBD and BBIBP-CorV.

In summary, live-virus neutralization assays demonstrated that the designed mos-tri-RBD, which
integrated key residues from Omicron and other circulating SARS-CoV-2 variants into a single antigen,
could serve as a broad-spectrum COVID-19 vaccine candidate against not only Omicron variant but
also other SARS-CoV-2 variants. However, it should be noted that due to the absence of wild-type
RBD in the mosaic antigen, the neutralizing antibody response against SARS-CoV-2 prototype strain
stimulated by mos-tri-RBD was lower than that by homo-tri-RBD, but still comparable to that by
BBIBP-CorV (Figure 2B).

Mos-tri-RBD as a booster dose induced cross-neutralization against the
pseudo-typed SARS-CoV-2 Omicron as well as other VOCs and VOIs

Given that large-scale populations worldwide have received the primary series of vaccination, the
immunogenicity of the designed mos-tri-RBD as a booster dose was mainly evaluated in this study.
Rats were primed with a dose of BBIBP-CorV, and successively boosted with a dose of mos-tri-RBD
('BBIBP-CorV +mos-tri-RBD’ group), homo-tri-RBD ('‘BBIBP-CorV +homo-tri-RBD’ group), or BBIBP-
CorV (‘BBIBP-CorV +BBIBP-CorV’ group), as shown in Figure 3A. Another group of rats received two
doses of adjuvant was served as a control. On day 7 post-boost, the sera from the immunized rats
were collected, and the neutralizing response against various SARS-CoV-2 strains was tested using
pseudo-virus neutralization assays.

Pseudo-virus neutralization assay demonstrated that all the three prime-boosting vaccinations
induced elevated neutralizing antibodies in comparison to the adjuvant control group against the
pseudo-virus of SARS-CoV-2 prototype strain. Although mos-tri-RBD did not contain the prototype
RBD, the neutralizing ID50 titers against prototype strain in the sera elicited by ‘BBIBP-CorV +mos-
tri-RBD’ were no less than those elicited by ‘BBIBP-CorV +homo-tri-RBD’, both of which were signifi-
cantly higher than those induced by '‘BBIBP-CorV +BBIBP-CorV' vaccinations (Figure 3B). Our results
indicated that mos-tri-RBD was highly immunogenic as a booster dose against the prototype SARS-
CoV-2 strain.

Compared with the prototype pseudo-virus, the neutralizing antibody GMTs against Omicron
variant, including lineages BA.1, BA.2, and BA.3, elicited by ‘BBIBP-CorV +BBIBP-CorV’ vaccination
were significantly reduced (Figure 3B), suggesting high immune escape capability of Omicron variant
from the immunity offered by BBIBP-CorV. In comparison to homologous booster of BBIBP-CorV, the
‘BBIBP-CorV +homo-tri-RBD’ vaccination improved the neutralizing antibody GMTs against Omicron
BA.1, BA.2, and BA.3 pseudo-viruses from 383,<175 and <100 to 932, <372 and<340, respectively,
but these values were also significantly lower than the value against the prototype strain (Figure 3B).
Furthermore, remarkably enhanced neutralizing ID50 titers against Omicron were elicited by ‘BBIBP-
CorV +mos-tri-RBD’ vaccination, in which the neutralizing GMTs reached 3249, 1459, and 957 against
BA.1, BA.2, and BA.3, respectively. The neutralizing GMTs boosted by mos-tri-RBD against the three
lineages of Omicron variant were 3.5-fold, >3.9-fold, and >2.8-fold higher than those boosted by homo-
tri-RBD, and 8.5-fold, >8.3-fold, and >9.6-fold higher than by BBIBP-CorV, respectively (Figure 3B).
Mos-tri-RBD was immunogenically superior to homo-tri-RBD and BBIBP-CorV as a booster vaccine for
BBIBP-CorV recipients against Omicron variant.

Considering that mos-tri-RBD also contains the key mutations from other SARS-CoV-2 variants
with potential immune evasion ability, we then evaluate whether the mos-tri-RBD booster induced
higher neutralizing responses than homo-tri-RBD and BBIBP-CorV against other pseudo-typed SARS-
CoV-2 VOCs and VOIs, including Alpha, Beta, Delta, Gamma, Lambda, and Mu variants. Pseudo-virus
neutralization assays showed that for most of the tested variants, the neutralizing ID50 titers in the
sera elicited by ‘BBIBP-CorV +mos-tri-RBD’ vaccination were higher than those by ‘BBIBP-CorV +mos-
tri-RBD’ and ‘BBIBP-CorV +BBIBP-CorV'. Especially, for Beta, Gamma, Delta, Lambda, and Mu vari-
ants, the neutralizing antibody GMTs were increased 8.1-fold, 5.1-fold, 9.1-fold, 9.1-fold, and 5.6-fold,
respectively, for ‘BBIBP-CorV +mos-tri-RBD’ vaccination compared to ‘BBIBP-CorV +BBIBP-CorV’
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Figure 3. Evaluation of the cross-reactive immunogenicity of mos-tri-RBD as a booster shot against SARS-CoV-2 Omicron as well as other VOCs

and VOlIs using pseudo-virus neutralization assays. (A) Timeline of rat immunization and serum collections. Three groups of Wistar rats (n=10 rats

per group with half male and half female) were primed with a dose of BBIBP-CorV and boosted by mos-tri-RBD, homo-tri-RBD or BBIBP-CorV with

three weeks apart. Another group of rats (n=10 with half male and half female) vaccinated with two doses of adjuvant served as control. The sera of

all the immunized rats were collected on day 7 post-boosting immunization. (B) The reciprocal neutralizing ID50 titers in the sera elicited by ‘BBIBP-
CorV +mos-tri-RBD’ vaccination compared with those elicited by ‘BBIBP-CorV +homo-tri-RBD’ and ‘BBIBP-CorV +BBIBP-Corv’ vaccinations against the
pseudo-viruses of SARS-CoV-2 Omicron as well as other VOCs and VOIs. The quantification limit of the pseudo-virus neutralization assay was 40, and the
ID50 titers below the LOQ were set to 40. Data are presented as mean + SEM. One-way ANOVA followed by the LSD t-test was used for the comparison
of data between different groups. *p<0.05, **p<0.01, ****p<0.0001. GMT values are displayed in the lower part of the figure.

The online version of this article includes the following source data for figure 3:

Source data 1. Individual data of pseudo-virus neutralizing ID50 titers against various SARS-CoV-2 circulating strains in the sera elicited by ‘BBIBP-
CorV +mos-tri-RBD’ vaccination compared with those elicited by ‘BBIBP-CorV +homo-tri-RBD’ and ‘BBIBP-CorV +BBIBP-CorV’ vaccinations.
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vaccination, and 4.5-fold, 2.6-fold, 2.4-fold, 2.4-fold, and 3.2-fold, respectively, compared to ‘BBIBP-
CorV +homo-tri-RBD’ vaccination (Figure 3B). These results indicated that mos-tri-RBD as a booster
dose significantly improved the immunogenicity against not only Omicron variant but also other
potentially immune-evasive SARS-CoV-2 variants. Mos-tri-RBD may act as a booster vaccine with
broad-neutralization activities.

Mos-tri-RBD as a booster dose induced cross-neutralization against the
live viruses of SARS-CoV-2 prototype, Omicron, Beta and Delta strains
The significantly higher neutralizing activities boosted by mos-tri-RBD against multiple SARS-CoV-2
variants, including Omicron (BA.1.1), Beta and Delta, were further verified by using live virus neutral-
ization assays. As a comparison, the neutralizing response against prototype strain was also tested.
Regarding the prototype strain, live virus neutralization assays showed that booster vaccinations
with the three vaccines all elicited strong neutralization activities compared to adjuvant control. In line

Live-virus neutralization assay * BBIBP-CorV+mos-tri-RBD
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Vaccine -
prototype | Omicron | Beta | Delta
BBIBP-CorV+Mos-tri-RBD 2976 731 1568 | 2891
BBIBP-CorV+Homo-tri-RBD 1986 194 532 | 1549
BBIBP-CorV+BBIBP-CorV 694 <85 229 | 282
Adjuvant control <20 <20 <20 | <20

Figure 4. Evaluation of the cross-reactive immunogenicity of mos-tri-RBD as a booster shot against multiple SARS-CoV-2 strains, including prototype,
Omicron, Beta, and Delta strains, using live-virus neutralization assay. The reciprocal neutralizing ID50 titers in the sera elicited by ‘BBIBP-CorV +mos-tri-
RBD’ vaccination compared with those elicited by ‘BBIBP-CorV +homo-tri-RBD’ and ‘BBIBP-CorV +BBIBP-Corv’ vaccinations against the live-viruses of
SARS-CoV-2 Omicron as well as other immune-evasive variants. The quantification limit of the live-virus neutralization assay was 20, and the ID50 titers
below the LOQ were set to 20. Data are presented as mean = SEM. One-way ANOVA followed by the LSD t-test was used for the comparison of data
between different groups. *p<0.05, **p<0.01, ****p<0.0001. GMT values are displayed in the lower part of the figure.

The online version of this article includes the following source data for figure 4:

Source data 1. Individual data of live-virus neutralizing antibody ID50 titers against several SARS-CoV-2 circulating strains in the sera elicited by ‘BBIBP-
CorV +mos-tri-RBD’ vaccination compared with those elicited by ‘BBIBP-CorV +homo-tri-RBD’ and ‘BBIBP-CorV +BBIBP-CorV’ vaccinations.
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with the results of pseudo-virus neutralization assay, the live-virus neutralizing antibody ID50 titers
induced by ‘BBIBP-CorV +mos-tri-RBD’ and ‘BBIBP-CorV +homo-tri-RBD’ vaccinations were signifi-
cantly greater than those by '‘BBIBP-CorV +BBIBP-CorV’ (Figure 4). The results demonstrated that
mos-tri-RBD and homo-tri-RBD were more immunogenic than BBIBP-CorV against the prototype
SARA-CoV-2 strain.

The neutralizing antibody response against Omicron variant boosted by BBIBP-CorV was dramat-
ically reduced compared with that against prototype virus, suggesting significant immune evasion of
Omicron from the homologous BBIBP-CorV booster vaccination. Compared with ‘BBIBP-CorV +BBIBP-
CorV' vaccination, the neutralizing antibody GMT against Omicron variant in the ‘BBIBP-CorV +homo-
tri-RBD’ immunization group was increased from <85 to 194, however, the value was also significantly
lower than that against the prototype strain. Furthermore, similar to the results of pseudo-virus neutral-
ization assay, ‘BBIBP-CorV +mos-tri-RBD’ vaccination elicited remarkably improved live-virus neutral-
izing antibodies with a GMT value of 731 (Figure 4). Compared to booster vaccinations of BBIBP-CorV
and homo-tri-RBD, boosting with mos-tri-RBD induced >8.6-fold and 3.8-fold higher Omicron-specific
neutralizing antibodies, respectively, which provides an effective booster vaccine against Omicron
variant. Similar results were also observed for Beta and Delta variants. In ‘BBIBP-CorV +BBIBP-CorV'
vaccination groups, both Beta and Delta variants exhibited less sensitivity to neutralization by the
sera from the immunized rats. While, the neutralizing antibody GMT against Beta variant elicited by
‘BBIBP-CorV +homo-tri-RBD’ was increased from 229 to 532 (2.3-fold), and further improved to 1568
(6.8-fold) by ‘BBIBP-CorV +mos-tri-RBD’ vaccination (Figure 4). For Delta variant, the neutralizing
antibody GMT boosted by mos-tri-RBD and homo-tri-RBD was 5.5-fold and 10.3-fold, respectively,
higher than that boosted by BBIBP-CorV (Figure 4). These results implied that mos-tri-RBD was immu-
nologically superior to homo-tri-RBD and BBIBP-CorV as a booster dose against Omicron and other
immune-evasive SARS-CoV-2 variants.

In summary, both pseudo- and live-virus neutralization assays demonstrated that the designed
mos-tri-RBD could serve as an effective booster vaccine to elicit potent and cross-reactive immunity
against not only prototype virus but also Omicron and other variants.

Discussion

Several studies indicated that Omicron variant might lead to less severe disease than earlier pandemic
variants (Ledford, 2021; Sigal et al., 2022, Wolter et al., 2022), in which the hospitalization risk
was reduced by 29% for Omicron compared with Delta variant, and the fatality rates decreased
from 3.4% for Delta to 1.9% for Omicron. However, Omicron variant is still a global threat due to its
higher transmissibility and increased resistance to antiviral immunity. Facing the severe pandemic of
Omicron, WHO has recommended updating the composition of current COVID vaccines and devel-
oping multivalent or cross-protective vaccines against the variants (https://www.who.int/news/item/).
Here, we designed a mosaic-type tri-RBD (mos-tri-RBD), which harbors the key mutations derived
from Omicron and other immune-evasive variants, to broaden the immune response to SARS-CoV-2
variants. The immunogenicity of the designed mosaic-type vaccine candidate was assessed in rats,
and live-virus neutralization assays showed that mos-tri-RBD elicited broad-spectrum neutralizing anti-
body response against multiple SARS-CoV-2 variants including Omicron. Considering that large-scale
populations in the world have completed the primary series of vaccination, the immunogenicity of the
designed mos-tri-RBD was also evaluated as a booster dose following the vaccination of BBIBP-CorV.
Tests in rats showed that the mos-tri-RBD booster vaccination elicited more than 2.8-3.9-fold higher
neutralizing antibodies against Omicron compared to the booster vaccination of homo-tri-RBD, and
more than 8.3-9.6-fold higher compared to the booster of BBIBP-CorV. For other SARS-CoV-2 VOCs
and VOIs, the neutralizing antibody titers induced by the mos-tri-RBD booster were 1.2-4.5-fold
higher than the homo-tri-RBD booster, and 4.6-10.3-fold higher than the BBIBP-CorV booster. Thus,
mos-tri-RBD may serve as a broad-neutralizing vaccine candidate, which could be used alone or as a
booster shot in combating SARS-CoV-2 variants including Omicron.

A commonly used strategy for the development of broad-spectrum vaccines is to produce polyva-
lent vaccines that contain multiple strain-specific monovalent components. Considering the potential
immune escape capability of Beta variant, several studies have designed the Beta-specific COVID-19
vaccines and applied combining with the anti-prototype ones to broaden immune response (Wu et al.,
2021a; Callaway and Ledford, 2021; Logue et al., 2021). Targeting the Omicron strain with stronger
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immune evasion ability, several vaccine manufacturers have announced the update of the composi-
tion of their COVID-19 vaccines to provide effective protection against Omicron (Cohen, 2021). In
the present work, we provided another strategy for the development of broad-spectrum vaccines
against SARS-CoV-2, that is, the construction of mosaic-type vaccines which incorporate multiple anti-
gens and key mutations derived from different variants into a single hybrid immunogen. The mosaic
strategy has been successfully applied to the development of broad-spectrum vaccines for HIV, coro-
naviruses and influenza (Barouch et al., 2010; Cohen et al., 2021, Kanekiyo et al., 2019), and several
studies have demonstrated that mosaic-type immunogen elicited superior B cell responses both in
quantity and quality compared to the homotypic immunogens (Kanekiyo et al., 2019). Our results
also showed that the constructed mos-tri-RBD not only strengthens but also broadens neutralizing
response against SARS-CoV-2.

SARS-CoV-2 virus continuously evolves, and the mutation rate was estimated to be 1.12 x 1073
mutations per site-year (Koyama et al., 2020, Amicone et al., 2022). Therefore, it is believed that the
virus may acquire new mutations, and new variants will continue to emerge. Our mosaic-type vaccine
can be easily modified to incorporate new residue mutations to fight against the possible emerging
variants in the future.

The construction of mosaic-type immunogen, which combines the key mutations relevant to
immune evasion into a single molecule, provides an effective strategy to achieve broad-spectrum
neutralization in a single-component vaccine. The mosaic strategy may also be used in the develop-
ments of MRNA- and DNA-based COVID-19 vaccines.

Materials and methods

resource Designation Source or reference Identifiers Additional information
National Institute for
Strain, strain background Live SARS-CoV-2 prototype virus (QD-01  Viral Disease Control and
(SARS-CoV-2 virus) strain) Prevention, China CDC
National Institute for
Strain, strain background  Live SARS-CoV-2 Omicron virus (NPRC Viral Disease Control and
(SARS-CoV-2 virus) 2.192100005 strain) Prevention, China CDC
National Institute for
Strain, strain background Viral Disease Control and
(SARS-CoV-2 virus) Live SARS-CoV-2 Beta virus (GD84 strain) Prevention, China CDC
National Institute for
Strain, strain background Viral Disease Control and
(SARS-CoV-2 virus) Live SARS-CoV-2 Delta virus (GD%6 strain) Prevention, China CDC
SARS-CoV-2 prototype, Omicron (BA.1),
Strain, strain background Omicron (BA.2), Omicron (BA.3), Alpha, Wang et al., 2021; Li
(SARS-CoV-2 pseudo- Beta, Delta, Gamma, Lambda and Mu et al., 2021; Zhang et al.,
virus) pseudo-viruses 2021; Nie et al., 2020
Cat#CCL-61,
Cell line (CHO) CHO-K1 cell line ATCC RRID:CVCL_0214
Cat#JCRB0403; RRID:
Cell line (Homo-sapiens) Huh-7 cells JCRB CVCL_0336
National Institute for Food
Cell line (Chlorocebus and Drug Control (NIFDC),
sabaeus) Vero cells Beijing, China
Biological sample (Wistar Serum samples from immunized Wistar Freshly isolated from
rats) rats This paper immunized rats

Antibody Mouse monoclonal anti-RBD Sino Biological Inc, China  Cat#40592-MM117 ELISA (1 pg/mL)
Cat#ZB-2305; RRID:
Antibody Goat polyclonal anti-mouse IgG-HRP ZSGB-BIO AB_2747415 ELISA (1:10000)

Continued on next page
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Recombinant DNA

Reference to “protein
expression and purification”

reagent Plasmid-SARS-CoV-2-mos-tri-RBD This paper section

Reference to “protein
Peptide, recombinant Recombinant mos-tri-RBD protein expression and purification”
protein (mammalian cell-expressed) This paper section

Peptide, recombinant
protein

Recombinant monomeric his-tagged
RBD of the prototype SARS-CoV-2 strain
(Baculovirus-insect cell-expressed)

Sino Biological Inc, China

Cat#40592-V08B

Peptide, recombinant
protein

Recombinant monomeric his-tagged RBD
of the Omicron (B.1.1.529) SARS-CoV-2
strain (HEK 293 cell-expressed)

Sino Biological Inc, China

Cat#40592-V08H121

Peptide, recombinant
protein

Recombinant hACE2 protein (mammalian
cell-expressed)

Sino Biological Inc, China

Cat#10108-HO8H

BlAcore 8 k, GE

Commercial assay or kit~ SPR Healthcare N/A

Produced by the reaction
Chemical compound, of aluminum chloride and
drug Aluminum hydroxide adjuvant This paper N/A sodium hydroxide

Software, algorithm

UCSF Chimera

Chimera team at
University of California

https://www.cgl.ucsf.
edu/chimera/

Software, algorithm

BlAcore Insight Evaluation Software

GE Healthcare

Software, algorithm

GraphPad Prism version 8

https://www.graphpad.

GraphPad Software com/

Cells and viruses

All cell lines tested negative for mycoplasma. CHO-K1 cells were from ATCC (Cat: CCL-61) and tested
using isoenzyme analysis method. Huh-7 cells were from the Japanese Collection of Research Biore-
sources (Cat: JCRB0403) and authenticated using STR profiling method. Huh-7 cells were grown
in Dulbecco’s modified Eagle medium (DMEM) supplied with 100 U/mL of Penicillin-Streptomycin
solution, 20 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) and 10% fetal bovine
serum (FBS), at 37 °C and in a 5% CO, environment. Vero cells were from National Institute for Food
and Drug Control (NIFDC) of China and authenticated using STR profiling method. Vero cells were
cultured in Medium 199 containing 5% FBS, at 37 °C and in 5% CO,. The live viruses of SARS-CoV-2
prototype, Omicron, Beta, and Delta strains were isolated by the National Institute for Viral Disease
Control and Prevention, Chinese Center for Disease Control and Prevention (China CDC). The SARS-
CoV-2 viruses were grown in Vero cells.

Protein expression and purification

The mosaic-type trimeric RBD (mos-tri-RBD) protein was constructed through connecting three heter-
ologous RBDs (amino acid 319-537 in S proteins) into a single chain, which co-assembled into a trimeric
structure. The designed protein was transiently expressed in CHO cells and purified by chromatog-
raphy combined with ultrafiltration, as described in our previous paper (Liang et al., 2022). Briefly,
the sequence of the designed mos-tri-RBD was codon-optimized and synthesized. After adding signal
peptide and Kozak sequences to N terminus, the construct was cloned into the PTT5 plasmid vector
via the Hin dlll and Not | restriction sites. The generated plasmid was validated by gene sequencing
and then transfected into the CHO cells. After culture of 10-12 days, the supernatant was collected.
Then, protein sample was purified by using ion-exchange chromatography and hydrophobic chro-
matography, followed by ultrafiltration. During purification, the samples from the eluted peaks were
analyzed by SDS-PAGE and size exclusion-high-performance liquid chromatography (SEC-HPLC). The
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homo-tri-RBD used in this study was stably expressed by CHO cells and purified following the similar
processes described above.

SPR assay

Surface plasmon resonance (SPR) assay was performed to quantify the binding avidity of the recom-
binant mos-tri-RBD to the receptor hACE2 using BlAcore 8 K (GE Healthcare) with NTA chips. Firstly,
the His-tagged hACE2 protein was immobilized onto the chip surface. Then, the purified mos-tri-RBD
protein sample was serially diluted in HBS-T buffer (HBS buffer and 0.05% Tween20). The diluted
samples were injected at a flow rate of 30 pL/min for 120 s, and then the HBS-T buffer was flowed over
the chip surface to facilitate dissociation of the bound protein for an additional 120 s. Subsequently,
the sensor chip surface was regenerated by injecting 350 mM EDTA solution with a flow rate of
30 pL/min for 120 s. The SPR signal response was monitored as a function of time. BIAcoreTM Insight
Evaluation software was used to analyze the experimental data. The binding kinetics between mos-
tri-RBD and hACE2 was calculated using the software, and then the association and dissociation rate
constants, that is, k, and ky, as well as the apparent dissociation constant K, were obtained.

Rat immunization

To test the immunogenicity of mos-tri-RBD, 10 Wistar rats with half male and half female (purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd., China) were immunized intramuscu-
larly by two doses, three weeks apart, of mos-tri-RBD (10 pg per dose) mixed with 300 pg aluminum
hydroxide adjuvant. Another three groups of rats received two doses of homo-tri-RBD, BBIBP-CorV or
adjuvant, respectively, with the same immunization regimen were used for comparison. On day 7 after
full vaccination, sera from the immunized rats were collected.

To evaluate the immune efficacy of mos-tri-RBD as a booster dose, a total of 30 Wistar rats, half
male and half female, were intramuscularly primed with a dose (4 pg/dose) of the inactivated vaccine
BBIBP-CorV. After 3 weeks, 10 rats were boosted with 10 pg mos-tri-RBD mixed with 300 pg aluminum
hydroxide adjuvant. The other 20 rats were boosted with a dose of homo-tri-RBD (10 pg antigen
mixed with 300 pg aluminum hydroxide) or BBIBP-CorV (4 pg/dose), for comparison. Another 10 rats
were vaccinated with two doses of adjuvant with the same immunization interval as control. The sera
of all the immunized rats were collected on day 7 post-boosting immunization.

ELISA

To verify the functionality of the recombinant protein mos-tri-RBD, enzyme-linked immunosorbent
assay (ELISA) was employed to measure its binding activity with an RBD-specific monoclonal neutral-
izing antibody MM117 (purchased from Sino Biological Inc, China, Cat#40592-MM117) and the
binding activities of the his-tagged monomeric prototype and Omicron RBDs with MM 117 were also
evaluated as control. Protein samples were prepared with the starting concentration of 1 pg/mL in
carbonate buffer, and subjected to three-fold serial dilutions. The diluted samples were then pipetted
into the wells of the ELISA plates with 100 pL per well followed by incubation at 2-8°C overnight. After
removing the coating solution and washing the plate three times with PBS containing 0.05% Tween
20 (PBST), the remaining protein-binding sites were blocked by blocking buffer at 37 °C for 2 hr and
the plate was again washed three times with PBST. The neutralizing antibody MM117 was prepared
with the working concentration of 1 ug/mL, which was added to the plate with 100 pL per well and
incubated at 37 °C for 1 hr. After washing three times with PBST, the plate was incubated with HRP-
conjugated goat anti-mouse IgG antibody at 37 °C for 1 hr. Then, color reaction was developed with
50 pL tetramethylbenzidine (TMB) and 50 pL hydrogen peroxide solutions. After 5 min, color reactions
were stopped with sulfuric acidic solution, and the optical density (OD) was measured both at 450 nm
and 630 nm using the microplate reader. The difference in OD values at 450 nm and 630 nm, i.e.
ODs0/630nm: Was oObtained to evaluate the specific binding activity of mos-tri-RBD with the neutralizing
antibody MM117.

Pseudo-virus neutralization assay

Neutralizing antibody levels in the sera from the immunized rats were detected by using pseudo-
virus neutralization assay as described previously (Liang et al., 2022). In order to assess the cross-
neutralization activities elicited by the vaccine candidate, we conducted neutralization assays against
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10 pseudo-typed SARS-CoV-2 viruses, including prototype, Omicron (BA.1), Omicron (BA.2), Omicron
(BA.3), Alpha, Beta, Delta, Gamma, Lambda and Mu strains. The pseudo-viruses were prepared by
using the methods described in the previously published studies (Zhang et al., 2022; Li et al., 2021,
Zhang et al., 2021, Nie et al., 2020). In short, the gene sequences of the S protein of SARS-CoV-2
variants were codon-optimized and synthesized, which were then cloned into pcDNA3.1 plasmid
vector. The constructed plasmids encoding the S protein of SARS-CoV-2 variants were transfected
into HEK293T cells, which were simultaneously infected with G*AG-VSV. After 24 hr, the culture super-
natants were collected and filtered with 0.45 um membrane filters to obtain the VSV-based pseudo-
typed SARS-CoV-2 variants. The TICDs; of the pseudo-viruses was determined by using Huh-7 cells.
To evaluate the pseudo-virus neutralization activities of the serum samples, the sera were firstly
1:40 diluted, followed by a fivefold serial dilution with the cell culture medium. The pseudo-typed
SARS-CoV-2 strains were also diluted to the titer of 1.3x10* TCIDs, per mL. Then, 50 pL diluted serum
was mixed with an equal volume of pseudo-virus in the well of the plates, and incubated at 37 °C and
5% CO, for 1 hr. Fifty pL culture medium mixed with 50 pL pseudo-virus was used as a control, and
100 pL per well medium without adding pseudo-virus served as a blank control. Subsequently, 100 pL
trypsin-treated Huh-7 cells with the density of 2x10° per mL were added into the well of the plates,
and incubated at 37 °C and 5% CO, for 20~24 hr. After that, the cells were lysed and the lumines-
cence signals were detected by microplate luminometer using luciferase substrate. The neutralizing
antibody titer was determined as the reciprocal of the serum dilution causing 50% reduction (ID50)
in relative light units (RLUs), which was calculated using the Reed-Muench method. The ID50 for the
serum below the limit of quantification (LOQ) was set to the quantification limit, that is, 40 in this assay.

Live virus neutralization assay

All the viruses used in the live virus neutralization assay, including the prototype, Beta, Delta and
Omicron strains, were obtained from the National Institute for Viral Disease Control and Preven-
tion, Chinese Center for Disease Control and Prevention (China CDC), Beijing, China. The proto-
type (QD-01 strain) virus was isolated from Qingdao, and the Beta (GD84 strain) and Delta (GD96
strain) viruses were isolated from Guangdong. All these three viruses infect Vero cells well. For the
Omicron virus, multiple strains isolated from different places, including Hong Kong, Shanghai, Tianjin
and Changchun, were screened. It was found that not all the strains infect Vero cells well. After serial
passages in Vero cells, the Omicron strain (BA.1.1, a sublineage of BA.1; No. NPRC 2.192100005)
isolated from Shanghai was selected, which adapted to and propagated well in Vero cells. Typical
cytopathic changes of Vero cells caused by Omicron infection can be observed after 5-7 days of
culture. The genome of this Omicron BA.1.1 strain after passages was sequenced. Appendix 1—
figure 1 shows the gene sequence of the spike region of the screened Omicron BA.1.1 virus. The
corresponding amino acid sequence of the spike protein was aligned with that of the prototype virus,
as shown in Appendix 1—figure 2. The alignment result shows that there are 40 residue mutations,
deletions or insertions in the spike region compared to that of the prototype virus. All these mutations
are commonly occurred in BA.1.1 sub-lineage with >70% prevalence according to the analysis by the
Lineage Comparison Tool of the outbreak.info web server (https://outbreak.info/compare-lineages).
BLAST search against the sequences collected in GISAID showed that many Omicron BA.1.1 spike
gene sequences with 100% identity to our sequence have been reported (https://www.epicov.org/
epi3/frontend#2ccaab).

The live virus neutralization assay was performed in the BSL3 facility of the National Institute for
Viral Disease Control and Prevention, China CDC, Beijing, China. The neutralization assay adopted
in our study was based on the inhibition of the cytopathic effect (CPE). In the assay, serum samples
were heat-inactivated at 56 °C for 30 min, and diluted 1:20 using cell culture medium 199 (M199).
Then, the sera were two-fold serially diluted in 96-well plate with 50 pL per well. An equal volume of
SARS-CoV-2 solution containing 100 TCIDs, of live virus was added to the well and mixed with the
serum. The serum-virus mixed solution was cultured 2 hr in the incubator maintaining a consistent
temperature of 37 °C and 5% carbon dioxide (CO,). After incubation, Vero cell suspension, with a
density of (1.5-2)x10° per mL, in the medium M199 that contains 5% FBS was added into the mixture
with 100 pL per well. Both negative serum and positive reference serum (obtained from the National
Institute for Food and Drug Control of China) were included in the plate as controls. Cell control (no
virus and no tested serum) was also included. The titer of the virus was also titrated as a comparison in
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the assay. Subsequently, the plates were incubated at 37 °C for 5-7 days in the incubator maintaining
a consistent temperature of 37 °C and 5% CO,. Then, the cellular changes caused by CPE were
observed under the microscope, and the wells with cytopathic changes were recorded. Neutralizing
antibody titer was reported as the reciprocal of the highest serum dilution that could inhibit 50% CPE
(ID50), which was calculated by the Karber method. The ID50 for the serum below the LOQ of 20 in
the assay was set to 20.

Quantification and statistical analysis
One-way ANOVA with the LSD t-test method was used for the comparison of data from multiple

groups, and Student's t-test was used for statistical analysis between two groups. *p<0.05, **p<0.01,
***5<0.001, ****<0.0001. Details can be found in the figure legend.

Acknowledgements

This work was supported by National Vaccine and Serum Institute (KTZC1900026C). Jing Z and QML
were supported by National Vaccine and Serum Institute (KTZC1900026C). The funders had no role
in study design, data collection and interpretation, or the decision to submit the work for publication.

Additional information

Competing interests

Jing Zhang, Zi Bo Han, Yu Liang, Xue Feng Zhang, Yu Qin Jin, Li Fang Du, Shuai Shao, Jun Wei
Hou, Ze Hua Lei, Zhao Ming Liu, Ya Nan Hou, Ning Liu, Fu Jie Shen, Ji Guo Su, Qi Ming Li: is listed
as an inventor of the pending patent application for the mos-tri-RBD vaccine (Application number:
202210083654.X). Hui Wang, Jin Zhang: is an employee of Beijing Institute of Biological Products
Company Limited. The other authors declare that no competing interests exist.

Funding

Funder Grant reference number Author
National Vaccine and KTZC1900026C Jing Zhang
Serum Institute Qi Ming Li

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Jing Zhang, Conceptualization, Supervision, Methodology, Writing — original draft; Zi Bo Han, Inves-
tigation, Visualization, Methodology, Writing - original draft; Yu Liang, Conceptualization, Investiga-
tion, Visualization, Methodology, Writing - original draft; Xue Feng Zhang, Yu Qin Jin, Li Fang Du,
Jun Wei Hou, Ke Xu, Ya Nan Hou, Jin Juan Wu, Xin Yu Li, Xin Li, Investigation; Shuai Shao, Valida-
tion, Writing — original draft; Hui Wang, Wenwen Lei, Jin Zhang, Resources; Ze Hua Lei, Zhao Ming
Liu, Ning Liu, Fu Jie Shen, Xiang Zheng, Validation; Wei Jin Huang, Resources, Writing — review and
editing; Gui Zhen Wu, Resources, Supervision, Methodology, Writing — review and editing; Ji Guo Su,
Conceptualization, Visualization, Methodology, Writing - original draft; Qi Ming Li, Conceptualization,
Supervision, Methodology, Writing — review and editing

Author ORCIDs
Ji Guo Su ® http://orcid.org/0000-0003-0778-3477
Qi Ming Li ® http://orcid.org/0000-0001-8284-7106

Ethics

Animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC)
of the National Vaccine and Serum Institute (NVSI) (No. NVSI-RCD-JSDW-ER-2021238, NVSI-RCD-
JSDW-ER-2022015) and conducted under the regulations for the administration of affairs concerning
experimental animals of China (2017).

Zhang, Han et al. eLife 2022;11:€78633. DOI: https://doi.org/10.7554/eLife.78633 16 of 23


https://doi.org/10.7554/eLife.78633
http://orcid.org/0000-0003-0778-3477
http://orcid.org/0000-0001-8284-7106

e Llfe Research article

Immunology and Inflammation | Microbiology and Infectious Disease

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.78633.sa
Author response https://doi.org/10.7554/¢elife.78633.sa2

Additional files

Supplementary files
¢ Transparent reporting form

Data availability

Figure 1—source data 1, Figure 1—source data 2, Figure 2—source data 1, Figure 3—source data
1 and Figure 4—source data 1 contain the numerical data used to generate the figures. The gene
sequence of the spike region of the Omicron BA.1.1 virus used in the live virus neutralization assay
is provided in Appendix 1—figure 1, and the residue mutations in the Omicron BA.1.1 spike region
compared to that of the prototype virus are provided in Appendix 1—figure 2.

References

Amicone M, Borges V, Alves MJ, Isidro J, Zé-Zé L, Duarte S, Vieira L, Guiomar R, Gomes JP, Gordo I. 2022.
Mutation rate of SARS-cov-2 and emergence of mutators during experimental evolution. Evolution, Medicine,
and Public Health 10:142-155. DOI: https://doi.org/10.1093/emph/eoac010, PMID: 35419205

Barouch DH, O'Brien KL, Simmons NL, King SL, Abbink P, Maxfield LF, Sun Y-H, La Porte A, Riggs AM, Lynch DM,
Clark SL, Backus K, Perry JR, Seaman MS, Carville A, Mansfield KG, Szinger JJ, Fischer W, Muldoon M,

Korber B. 2010. Mosaic HIV-1 vaccines expand the breadth and depth of cellular immune responses in rhesus
monkeys. Nature Medicine 16:319-323. DOI: https://doi.org/10.1038/nm.2089, PMID: 20173752

Callaway E. 2021. Omicron likely to weaken COVID vaccine protection. Nature 600:367-368. DOI: https://doi.
org/10.1038/d41586-021-03672-3, PMID: 34880488

Callaway E, Ledford H. 2021. How to redesign COVID vaccines so they protect against variants. Nature
590:15-16. DOI: https://doi.org/10.1038/d41586-021-00241-6, PMID: 33514888

Cao Y, Wang J, Jian F, Xiao T, Song W, Yisimayi A, Huang W, Li Q, Wang P, An R, Wang J, Wang Y, Niu X, Yang S,
Liang H, Sun H, Li T, Yu Y, Cui Q, Liu S, et al. 2022. Omicron escapes the majority of existing SARS-cov-2
neutralizing antibodies. Nature 602:657-663. DOI: https://doi.org/10.1038/s41586-021-04385-3, PMID:
35016194

Cele S, Jackson L, Khoury DS, Khan K, Moyo-Gwete T, Tegally H, San JE, Cromer D, Scheepers C, Amoako DG,
Karim F, Bernstein M, Lustig G, Archary D, Smith M, Ganga Y, Jule Z, Reedoy K, Hwa S-H, Giandhari J, et al.
2022. Omicron extensively but incompletely escapes pfizer bnt162b2 neutralization. Nature 602:654-656. DOI:
https://doi.org/10.1038/s41586-021-04387-1, PMID: 35016196

Cohen J. 2021. Omicron sparks a vaccine strategy debate. Science 374:1544-1545. DOI: https://doi.org/10.
1126/science.acz9879, PMID: 34941399

Cohen AA, Gnanapragasam PNP, Lee YE, Hoffman PR, Ou S, Kakutani LM, Keeffe JR, Wu H-J, Howarth M,

West AP, Barnes CO, Nussenzweig MC, Bjorkman PJ. 2021. Mosaic nanoparticles elicit cross-reactive immune
responses to zoonotic coronaviruses in mice. Science 371:735-741. DOI: https://doi.org/10.1126/science.
abf6840, PMID: 33436524

Dejnirattisai W, Zhou D, Supasa P, Liu C, Mentzer AJ, Ginn HM, Zhao Y, Duyvesteyn HME, Tuekprakhon A,
Nutalai R, Wang B, Lépez-Camacho C, Slon-Campos J, Walter TS, Skelly D, Costa Clemens SA, Naveca FG,
Nascimento V, Nascimento F, Fernandes da Costa C, et al. 2021. Antibody evasion by the P.1 strain of SARS-
cov-2. Cell 184:2939-2954.. DOI: https://doi.org/10.1016/].cell.2021.03.055, PMID: 33852911

Edara VV, Norwood C, Floyd K, Lai L, Davis-Gardner ME, Hudson WH, Mantus G, Nyhoff LE, Adelman MW,
Fineman R, Patel S, Byram R, Gomes DN, Michael G, Abdullahi H, Beydoun N, Panganiban B, McNair N,
Hellmeister K, Pitts J, et al. 2021. Infection- and vaccine-induced antibody binding and neutralization of the
B.1.351 SARS-cov-2 variant. Cell Host & Microbe 29:516-521.. DOI: https://doi.org/10.1016/j.chom.20271.03.
009, PMID: 33798491

Han P, Li L, Liu S, Wang Q, Zhang D, Xu Z, Han P, Li X, Peng Q, Su C, Huang B, Li D, Zhang R, Tian M, Fu L,

Gao 'Y, Zhao X, Liu K, Qi J, Gao GF, et al. 2022. Receptor binding and complex structures of human ACE2 to
spike RBD from omicron and delta SARS-cov-2. Cell 185:630-640.. DOI: https://doi.org/10.1016/j.cell.2022.01.
001, PMID: 35093192

Kaabi NA, Yang YK, Zhang J, Xu K, Liang Y, Kang Y, Su JG, Yang T, Hussein S, EIDein MS, Shao S, Yang SS, Lei W,
Gao XJ, Jiang Z, Wang H, Li M, Mekki HM, Zaher W, Mahmoud S, et al. 2022. Immunogenicity and safety of
nvsi-06-07 as a heterologous booster after priming with bbibp-corv: a phase 2 trial. Signal Transduction and
Targeted Therapy 7:172. DOI: https://doi.org/10.1038/s41392-022-00984-2, PMID: 35665745

Kanekiyo M, Joyce MG, Gillespie RA, Gallagher JR, Andrews SF, Yassine HM, Wheatley AK, Fisher BE,
Ambrozak DR, Creanga A, Leung K, Yang ES, Boyoglu-Barnum S, Georgiev IS, Tsybovsky Y, Prabhakaran MS,
Andersen H, Kong W-P, Baxa U, Zephir KL, et al. 2019. Mosaic nanoparticle display of diverse influenza virus

Zhang, Han et al. eLife 2022;11:€78633. DOI: https://doi.org/10.7554/eLife.78633 17 of 23


https://doi.org/10.7554/eLife.78633
https://doi.org/10.7554/eLife.78633.sa1
https://doi.org/10.7554/eLife.78633.sa2
https://doi.org/10.1093/emph/eoac010
http://www.ncbi.nlm.nih.gov/pubmed/35419205
https://doi.org/10.1038/nm.2089
http://www.ncbi.nlm.nih.gov/pubmed/20173752
https://doi.org/10.1038/d41586-021-03672-3
https://doi.org/10.1038/d41586-021-03672-3
http://www.ncbi.nlm.nih.gov/pubmed/34880488
https://doi.org/10.1038/d41586-021-00241-6
http://www.ncbi.nlm.nih.gov/pubmed/33514888
https://doi.org/10.1038/s41586-021-04385-3
http://www.ncbi.nlm.nih.gov/pubmed/35016194
https://doi.org/10.1038/s41586-021-04387-1
http://www.ncbi.nlm.nih.gov/pubmed/35016196
https://doi.org/10.1126/science.acz9879
https://doi.org/10.1126/science.acz9879
http://www.ncbi.nlm.nih.gov/pubmed/34941399
https://doi.org/10.1126/science.abf6840
https://doi.org/10.1126/science.abf6840
http://www.ncbi.nlm.nih.gov/pubmed/33436524
https://doi.org/10.1016/j.cell.2021.03.055
http://www.ncbi.nlm.nih.gov/pubmed/33852911
https://doi.org/10.1016/j.chom.2021.03.009
https://doi.org/10.1016/j.chom.2021.03.009
http://www.ncbi.nlm.nih.gov/pubmed/33798491
https://doi.org/10.1016/j.cell.2022.01.001
https://doi.org/10.1016/j.cell.2022.01.001
http://www.ncbi.nlm.nih.gov/pubmed/35093192
https://doi.org/10.1038/s41392-022-00984-2
http://www.ncbi.nlm.nih.gov/pubmed/35665745

e Llfe Research article

Immunology and Inflammation | Microbiology and Infectious Disease

hemagglutinins elicits broad B cell responses. Nature Immunology 20:362-372. DOI: https://doi.org/10.1038/
s41590-018-0305-x, PMID: 30742080

Koyama T, Platt D, Parida L. 2020. Variant analysis of SARS-cov-2 genomes. Bulletin of the World Health
Organization 98:495-504. DOI: https://doi.org/10.2471/BLT.20.253591, PMID: 32742035

Kupferschmidt K, Vogel G. 2021. How bad is omicron? some clues are emerging. Science 374:1304-1305. DOI:
https://doi.org/10.1126/science.acx9782, PMID: 34882443

Laffeber C, de Koning K, Kanaar R, Lebbink JHG. 2021. Experimental evidence for enhanced receptor binding
by rapidly spreading SARS-cov-2 variants. Journal of Molecular Biology 433:167058. DOI: https://doi.org/10.
1016/j.jmb.2021.167058, PMID: 34023401

Lan J, He X, Ren Y, Wang Z, Zhou H, Fan S, Zhu C, Liu D, Shao B, Liu TY, Wang Q, Zhang L, Ge J, Wang T,
Wang X. 2022. Structural insights into the SARS-cov-2 omicron RBD-ACE2 interaction. Cell Research 32:593-
595. DOI: https://doi.org/10.1038/s41422-022-00644-8, PMID: 35418218

Lazarevic |, Pravica V, Miljanovic D, Cupic M. 2021. Immune evasion of SARS-cov-2 emerging variants: what have
we learnt so far? Viruses 13:1192. DOI: https://doi.org/10.3390/v13071192, PMID: 34206453

Ledford H. 2021. How severe are omicron infections? Nature 600:577-578. DOI: https://doi.org/10.1038/
d41586-021-03794-8, PMID: 34934198

Li Q, Nie J, Wu J, Zhang L, Ding R, Wang H, Zhang Y, Li T, Liu S, Zhang M, Zhao C, Liu H, Nie L, Qin H, Wang M,
Lu Q, Li X, Liu J, Liang H, Shi Y, et al. 2021. SARS-cov-2 501Y.V2 variants lack higher infectivity but do have
immune escape. Cell 184:2362-2371.. DOI: https://doi.org/10.1016/j.cell.2021.02.042, PMID: 33735608

Liang Y, Zhang J, Yuan RY, Wang MY, He P, Su JG, Han ZB, Jin YQ, Hou JW, Zhang H, Zhang XF, Shao S, Hou YN,
Liu ZM, Du LF, Shen FJ, Zhou WM, Xu K, Gao RQ, Tang F, et al. 2022. Design of a mutation-integrated trimeric
RBD with broad protection against SARS-cov-2. Cell Discovery 8:17. DOI: https://doi.org/10.1038/s41421-022-
00383-5, PMID: 35169113

Lipsitch M, Krammer F, Regev-Yochay G, Lustig Y, Balicer RD. 2022. SARS-cov-2 breakthrough infections in
vaccinated individuals: measurement, causes and impact. Nature Reviews. Immunology 22:57-65. DOI: https://
doi.org/10.1038/s41577-021-00662-4, PMID: 34876702

Liu H, Wei P, Zhang Q, Aviszus K, Linderberger J, Yang J, Liu J, Chen Z, Waheed H, Reynoso L, Downey GP,
Frankel SK, Kappler J, Marrack P, Zhang G. 2021. The Lambda Variant of SARS-Cov-2 Has a Better Chance than
the Delta Variant to Escape Vaccines. [bioRxiv]. DOI: https://doi.org/10.1101/2021.08.25.457692

Liu L, lketani S, Guo Y, Chan JFW, Wang M, Liu L, Luo Y, Chu H, Huang Y, Nair MS, Yu J, Chik KKH, Yuen TTT,
Yoon C, To KKW, Chen H, Yin MT, Sobieszczyk ME, Huang Y, Wang HH, et al. 2022. Striking antibody evasion
manifested by the omicron variant of SARS-cov-2. Nature 602:676-681. DOI: https://doi.org/10.1038/
s41586-021-04388-0, PMID: 35016198

Logue J, Johnson R, Patel N, Zhou B, Maciejewski S, Zhou H, Portnoff A, Tian JH, McGrath M, Haupt R,
Weston S, Hammond H, Guebre-Xabier M, Dillen C, Plested J, Cloney-Clark S, Greene AM, Massare M,
Glenn G, Smith G, et al. 2021. Immunogenicity and in vivo protection of a variant nanoparticle vaccine that
confers broad protection against emerging SARS-CoV-2 Variants. [bioRxiv]. DOI: https://doi.org/10.1101/2021.
06.08.447631

Lou F, Li M, Pang Z, Jiang L, Guan L, Tian L, Hu J, Fan J, Fan H. 2021. Understanding the secret of SARS-cov-2
variants of concern/interest and immune escape. Frontiers in Immunology 12:744242. DOI: https://doi.org/10.
3389/fimmu.2021.744242, PMID: 34804024

Muik A, Wallisch AK, Sanger B, Swanson KA, Miihl J, Chen W, Cai H, Maurus D, Sarkar R, Tireci 0,
Dormitzer PR, Sahin U. 2021. Neutralization of SARS-cov-2 lineage B.1.1.7 pseudovirus by bnt162b2 vaccine-
elicited human sera. Science 371:1152-1153. DOI: https://doi.org/10.1126/science.abg6105, PMID: 33514629

Nie J, Li Q, Wu J, Zhao C, Hao H, Liu H, Zhang L, Nie L, Qin H, Wang M, Lu Q, Li X, Sun Q, Liu J, Fan C,
Huang W, Xu M, Wang Y. 2020. Quantification of SARS-cov-2 neutralizing antibody by a pseudotyped
virus-based assay. Nature Protocols 15:3699-3715. DOI: https://doi.org/10.1038/s41596-020-0394-5, PMID:
32978602

Pegu A, O'Connell SE, Schmidt SD, O'Dell S, Talana CA, Lai L, Albert J, Anderson E, Bennett H, Corbett KS,
Flach B, Jackson L, Leav B, Ledgerwood JE, Luke CJ, Makowski M, Nason MC, Roberts PC, Roederer M,
Rebolledo PA, et al. 2021. Durability of mrna-1273 vaccine-induced antibodies against SARS-cov-2 variants.
Science 373:1372-1377. DOI: https://doi.org/10.1126/science.abj4176, PMID: 34385356

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE. 2004. UCSF chimera--a
visualization system for exploratory research and analysis. Journal of Computational Chemistry 25:1605-1612.
DOI: https://doi.org/10.1002/jcc.20084, PMID: 15264254

Planas D, Bruel T, Grzelak L, Guivel-Benhassine F, Staropoli I, Porrot F, Planchais C, Buchrieser J, Rajah MM,
Bishop E, Albert M, Donati F, Prot M, Behillil S, Enouf V, Maquart M, Smati-Lafarge M, Varon E, Schortgen F,
Yahyaoui L, et al. 2021. Sensitivity of infectious SARS-cov-2 B.1.1.7 and B.1.351 variants to neutralizing
antibodies. Nature Medicine 27:917-924. DOI: https://doi.org/10.1038/s41591-021-01318-5, PMID: 33772244

Réssler A, Riepler L, Bante D, Laer D, Kimpel J. 2021. SARS-CoV-2 B.1.1.529 Variant (Omicron) Evades
Neutralization by Sera from Vaccinated and Convalescent Individuals. [medRxiv]. DOI: https://doi.org/10.1101/
2021.12.08.21267491

Routhu NK, Cheedarla N, Bollimpelli VS, Gangadhara S, Edara VV, Lai L, Sahoo A, Shiferaw A, Styles TM,
Floyd K, Fischinger S, Atyeo C, Shin SA, Gumber S, Kirejczyk S, Dinnon KH, Shi PY, Menachery VD, Tomai M,
Fox CB, et al. 2021. SARS-cov-2 RBD trimer protein adjuvanted with alum-3M-052 protects from SARS-cov-2
infection and immune pathology in the lung. Nature Communications 12:3587. DOI: https://doi.org/10.1038/
s41467-021-23942-y, PMID: 34117252

Zhang, Han et al. eLife 2022;11:€78633. DOI: https://doi.org/10.7554/eLife.78633 18 of 23


https://doi.org/10.7554/eLife.78633
https://doi.org/10.1038/s41590-018-0305-x
https://doi.org/10.1038/s41590-018-0305-x
http://www.ncbi.nlm.nih.gov/pubmed/30742080
https://doi.org/10.2471/BLT.20.253591
http://www.ncbi.nlm.nih.gov/pubmed/32742035
https://doi.org/10.1126/science.acx9782
http://www.ncbi.nlm.nih.gov/pubmed/34882443
https://doi.org/10.1016/j.jmb.2021.167058
https://doi.org/10.1016/j.jmb.2021.167058
http://www.ncbi.nlm.nih.gov/pubmed/34023401
https://doi.org/10.1038/s41422-022-00644-8
http://www.ncbi.nlm.nih.gov/pubmed/35418218
https://doi.org/10.3390/v13071192
http://www.ncbi.nlm.nih.gov/pubmed/34206453
https://doi.org/10.1038/d41586-021-03794-8
https://doi.org/10.1038/d41586-021-03794-8
http://www.ncbi.nlm.nih.gov/pubmed/34934198
https://doi.org/10.1016/j.cell.2021.02.042
http://www.ncbi.nlm.nih.gov/pubmed/33735608
https://doi.org/10.1038/s41421-022-00383-5
https://doi.org/10.1038/s41421-022-00383-5
http://www.ncbi.nlm.nih.gov/pubmed/35169113
https://doi.org/10.1038/s41577-021-00662-4
https://doi.org/10.1038/s41577-021-00662-4
http://www.ncbi.nlm.nih.gov/pubmed/34876702
https://doi.org/10.1101/2021.08.25.457692
https://doi.org/10.1038/s41586-021-04388-0
https://doi.org/10.1038/s41586-021-04388-0
http://www.ncbi.nlm.nih.gov/pubmed/35016198
https://doi.org/10.1101/2021.06.08.447631
https://doi.org/10.1101/2021.06.08.447631
https://doi.org/10.3389/fimmu.2021.744242
https://doi.org/10.3389/fimmu.2021.744242
http://www.ncbi.nlm.nih.gov/pubmed/34804024
https://doi.org/10.1126/science.abg6105
http://www.ncbi.nlm.nih.gov/pubmed/33514629
https://doi.org/10.1038/s41596-020-0394-5
http://www.ncbi.nlm.nih.gov/pubmed/32978602
https://doi.org/10.1126/science.abj4176
http://www.ncbi.nlm.nih.gov/pubmed/34385356
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1038/s41591-021-01318-5
http://www.ncbi.nlm.nih.gov/pubmed/33772244
https://doi.org/10.1101/2021.12.08.21267491
https://doi.org/10.1101/2021.12.08.21267491
https://doi.org/10.1038/s41467-021-23942-y
https://doi.org/10.1038/s41467-021-23942-y
http://www.ncbi.nlm.nih.gov/pubmed/34117252

e Llfe Research article

Immunology and Inflammation | Microbiology and Infectious Disease

Shen X, Tang H, Pajon R, Smith G, Glenn GM, Shi W, Korber B, Montefiori DC. 2021. Neutralization of SARS-
cov-2 variants B.1.429 and B.1.351. The New England Journal of Medicine 384:2352-2354. DOI: https://doi.
org/10.1056/NEJMc2103740, PMID: 33826819

Sigal A, Milo R, Jassat W. 2022. Estimating disease severity of omicron and delta SARS-cov-2 infections. Nature
Reviews. Immunology 22:267-269. DOI: https://doi.org/10.1038/s41577-022-00720-5, PMID: 35414124

Torjesen I. 2021. Covid-19: omicron may be more transmissible than other variants and partly resistant to
existing vaccines, scientists fear. BMJ 375:2943. DOI: https://doi.org/10.1136/bmj.n2943, PMID: 34845008

Vaughan A. 2021. Omicron emerges. New Scientist 252:7. DOI: https://doi.org/10.1016/50262-4079(21)
02140-0, PMID: 34876769

Wang P, Casner RG, Nair MS, Wang M, Yu J, Cerutti G, Liu L, Kwong PD, Huang Y, Shapiro L, Ho DD. 2021.
Increased resistance of SARS-cov-2 variant P.1 to antibody neutralization. Cell Host & Microbe 29:747-751.
DOI: https://doi.org/10.1016/j.chom.2021.04.007, PMID: 33887205

Widge AT, Rouphael NG, Jackson LA, Anderson EJ, Roberts PC, Makhene M, Chappell JD, Denison MR,
Stevens LJ, Pruijssers AJ, McDermott AB, Flach B, Lin BC, Doria-Rose NA, O’Dell S, Schmidt SD, Neuzil KM,
Bennett H, Leav B, Makowski M, et al. 2021. Durability of responses after SARS-cov-2 mrna-1273 vaccination.
The New England Journal of Medicine 384:80-82. DOI: https://doi.org/10.1056/NEJMc2032195, PMID:
33270381

Wolter N, Jassat W, Walaza S, Welch R, Moultrie H, Groome M, Amoako DG, Everatt J, Bhiman JN, Scheepers C,
Tebeila N, Chiwandire N, du Plessis M, Govender N, Ismail A, Glass A, Mlisana K, Stevens W, Treurnicht FK,
Makatini Z, et al. 2022. Early assessment of the clinical severity of the SARS-cov-2 omicron variant in south
africa: a data linkage study. Lancet 399:437-446. DOI: https://doi.org/10.1016/S0140-6736(22)00017-4, PMID:
35065011

Wu K, Choi A, Koch M, Elbashir S, Ma L, Lee D, Woods A, Henry C, Palandjian C, Hill A, Jani H, Quinones J,
Nunna N, O’Connell S, McDermott AB, Falcone S, Narayanan E, Colpitts T, Bennett H, Corbett KS, et al.
2021a. Variant SARS-cov-2 mrna vaccines confer broad neutralization as primary or booster series in mice.
Vaccine 39:7394-7400. DOI: https://doi.org/10.1016/j.vaccine.2021.11.001, PMID: 34815117

Wu K, Werner AP, Koch M, Choi A, Narayanan E, Stewart-Jones GBE, Colpitts T, Bennett H, Boyoglu-Barnum S,
Shi W, Moliva JI, Sullivan NJ, Graham BS, Carfi A, Corbett KS, Seder RA, Edwards DK. 2021b. Serum
neutralizing activity elicited by mrna-1273 vaccine. The New England Journal of Medicine 384:1468-1470.
DOI: https://doi.org/10.1056/NEJMc2102179, PMID: 33730471

Xu K, Gao P, Liu S, Lu S, Lei W, Zheng T, Liu X, Xie Y, Zhao Z, Guo S, Tang C, Yang Y, Yu W, Wang J, Zhou Y,
Huang Q, Liu C, AnY, Zhang R, Han Y, et al. 2022a. Protective prototype-beta and delta-omicron chimeric
RBD-dimer vaccines against SARS-cov-2. Cell 185:2265-2278. DOI: https://doi.org/10.1016/j.cell.2022.04.029,
PMID: 35568034

Xu Z, Kang X, Han P, Du P, Li L, Zheng A, Deng C, Qi J, Zhao X, Wang Q, Liu K, Gao GF. 2022b. Binding and
structural basis of equine ACE2 to rbds from SARS-cov, SARS-cov-2 and related coronaviruses. Nature
Communications 13:3547. DOI: https://doi.org/10.1038/s41467-022-31276-6, PMID: 35729237

Zhang L, Cui Z, Li Q, Wang B, Yu Y, Wu J, Nie J, Ding R, Wang H, Zhang Y, Liu S, Chen Z, He Y, Su X, Xu W,
Huang W, Wang Y. 2021. Ten emerging SARS-cov-2 spike variants exhibit variable infectivity, animal tropism,
and antibody neutralization. Communications Biology 4:1196. DOI: https://doi.org/10.1038/s42003-021-02728-
4, PMID: 34645933

Zhang L, Li Q, Liang Z, Li T, Liu S, Cui Q, Nie J, Wu Q, Qu X, Huang W, Wang Y. 2022. The significant immune
escape of pseudotyped SARS-cov-2 variant omicron. Emerging Microbes & Infections 11:1-5. DOI: https://doi.
org/10.1080/22221751.2021.2017757, PMID: 34890524

Zhang, Han et al. eLife 2022;11:€78633. DOI: https://doi.org/10.7554/eLife.78633 19 of 23


https://doi.org/10.7554/eLife.78633
https://doi.org/10.1056/NEJMc2103740
https://doi.org/10.1056/NEJMc2103740
http://www.ncbi.nlm.nih.gov/pubmed/33826819
https://doi.org/10.1038/s41577-022-00720-5
http://www.ncbi.nlm.nih.gov/pubmed/35414124
https://doi.org/10.1136/bmj.n2943
http://www.ncbi.nlm.nih.gov/pubmed/34845008
https://doi.org/10.1016/S0262-4079(21)02140-0
https://doi.org/10.1016/S0262-4079(21)02140-0
http://www.ncbi.nlm.nih.gov/pubmed/34876769
https://doi.org/10.1016/j.chom.2021.04.007
http://www.ncbi.nlm.nih.gov/pubmed/33887205
https://doi.org/10.1056/NEJMc2032195
http://www.ncbi.nlm.nih.gov/pubmed/33270381
https://doi.org/10.1016/S0140-6736(22)00017-4
http://www.ncbi.nlm.nih.gov/pubmed/35065011
https://doi.org/10.1016/j.vaccine.2021.11.001
http://www.ncbi.nlm.nih.gov/pubmed/34815117
https://doi.org/10.1056/NEJMc2102179
http://www.ncbi.nlm.nih.gov/pubmed/33730471
https://doi.org/10.1016/j.cell.2022.04.029
http://www.ncbi.nlm.nih.gov/pubmed/35568034
https://doi.org/10.1038/s41467-022-31276-6
http://www.ncbi.nlm.nih.gov/pubmed/35729237
https://doi.org/10.1038/s42003-021-02728-4
https://doi.org/10.1038/s42003-021-02728-4
http://www.ncbi.nlm.nih.gov/pubmed/34645933
https://doi.org/10.1080/22221751.2021.2017757
https://doi.org/10.1080/22221751.2021.2017757
http://www.ncbi.nlm.nih.gov/pubmed/34890524

e Llfe Research article

Immunology and Inflammation | Microbiology and Infectious Disease

Appendix 1

ATGTTTGTTTTTCTTGTTTTATTGCCACTAGTCTCTAGTCAGTGTGTTAATCTTACAACCAGAACTCAATTACCCCCTGCATACACTAATTCTT
TCACACGTGGTGTTTATTACCCTGACAAAGTTTTCAGATCCTCAGTTTTACATTCAACTCAGGACTTGTTCTTACCTTTCTTTTCCAATGTTA
CTTGGTTCCATGTTATCTCTGGGACCAATGGTACTAAGAGGTTTGATAACCCTGTCCTACCATTTAATGATGGTGTTTATTTTGCTTCCATTG
AGAAGTCTAACATAATAAGAGGCTGGATTTTTGGTACTACTTTAGATTCGAAGACCCAGTCCCTACTTATTGTTAATAACGCTACTAATGTT
GTTATTAAAGTCTGTGAATTTCAATTTTGTAATGATCCATTTTTGGACCACAAAAACAACAAAAGTTGGATGGAAAGTGAGTTCAGAGTTT
ATTCTAGTGCGAATAATTGCACTTTTGAATATGTCTCTCAGCCTTTTCTTATGGACCTTGAAGGAAAACAGGGTAATTTCAAAAATCTTAGG
GAATTTGTGTTTAAGAATATTGATGGTTATTTTAAAATATATTCTAAGCACACGCCTATTATAGTGCGTGAGCCAGAAGATCTCCCTCAGG
GTTTTTCGGCTTTAGAACCATTGGTAGATTTGCCAATAGGTATTAACATCACTAGGTTTCAAACTTTACTTGCTTTACATAGAAGTTATTTGA
CTCCTGGTGATTCTTCTTCAGGTTGGACAGCTGGTGCTGCAGCTTATTATGTGGGTTATCTTCAACCTAGGACTTTTCTATTAAAATATAAT
GAAAATGGAACCATTACAGATGCTGTAGACTGTGCACTTGACCCTCTCTCAGAAACAAAGTGTACGTTGAAATCCTTCACTGTAGAAAAA
GGAATCTATCAAACTTCTAACTTTAGAGTCCAACCAACAGAATCTATTGTTAGATTTCCTAATATTACAAACTTGTGCCCTTTTGATGAAGT
TTTTAACGCCACCAAATTTGCATCTGTTTATGCTTGGAACAGGAAGAGAATCAGCAACTGTGTTGCTGATTATTCTGTCCTATATAATCTCG
CACCATTTTTCACTTTTAAGTGTTATGGAGTGTCTCCTACTAAATTAAATGATCTCTGCTTTACTAATGTCTATGCAGATTCATTTGTAATTAG
AGGTGATGAAGTCAGACAAATCGCTCCAGGGCAAACTGGAAATATTGCTGATTATAATTATAAATTACCAGATGATTTTACAGGCTGCGT
TATAGCTTGGAATTCTAACAAGCTTGATTCTAAGGTTAGTGGTAATTATAATTACCTGTATAGATTGTTTAGGAAGTCTAATCTCAAACCTTT
TGAGAGAGATATTTCAACTGAAATCTATCAGGCCGGTAACAAACCTTGTAATGGTGTTGCAGGTTTTAATTGTTACTTTCCTTTACGATCAT
ATAGTTTCCGACCCACTTATGGTGTTGGTCACCAACCATACAGAGTAGTAGTACTTTCTTTTGAACTTCTACATGCACCAGCAACTGTTTGT
GGACCTAAAAAGTCTACTAATTTGGTTAAAAACAAATGTGTCAATTTCAACTTCAATGGTTTAAAAGGCACAGGTGTTCTTACTGAGTCTA
ACAAAAAGTTTCTGCCTTTCCAACAATTTGGCAGAGACATTGCTGACACTACTGATGCTGTCCGTGATCCACAGACACTTGAGATTCTTGA
CATTACACCATGTTCTTTTGGTGGTGTCAGTGTTATAACACCAGGAACAAATACTTCTAACCAGGTTGCTGTTCTTTATCAGGGTGTTAACT
GCACAGAAGTCCCTGTTGCTATTCATGCAGATCAACTTACTCCTACTTGGCGTGTTTATTCTACAGGTTCTAATGTTTTTCAAACACGTGCA
GGCTGTTTAATAGGGGCTGAATATGTCAACAACTCATATGAGTGTGACATACCCATTGGTGCAGGTATATGCGCTAGTTATCAGACTCAG
ACTAAGTCTCATCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTTGGTGCAGAAAATTCAGTTGCTTACT
CTAATAACTCTATTGCCATACCCACAAATTTTACTATTAGTGTTACCACAGAAATTCTACCAGTGTCTATGACCAAGACATCAGTAGATTGT
ACAATGTACATTTGTGGTGATTCAACTGAATGCAGCAATCTTTTGTTGCAATATGGCAGTTTTTGTACACAATTAAAACGTGCTTTAACTGG
AATAGCTGTTGAACAAGACAAAAACACCCAAGAAGTTTTTGCACAAGTCAAACAAATTTACAAAACACCACCAATTAAATATTTTGGTGG
TTTTAATTTTTCACAAATATTACCAGATCCATCAAAACCAAGCAAGAGGTCATTTATTGAAGATCTACTTTTCAACAAAGTGACACTTGCAG
ATGCTGGCTTCATCAAACAATATGGTGATTGCCTTGGTGATATTGCTGCTAGAGACCTCATTTGTGCACAAAAGTTTAAAGGCCTTACTGT
TTTGCCACCTTTGCTCACAGATGAAATGATTGCTCAATACACTTCTGCACTGTTAGCGGGTACAATCACTTCTGGTTGGACCTTTGGTGCA
GGTGCTGCATTACAAATACCATTTGCTATGCAAATGGCTTATAGGTTTAATGGTATTGGAGTTACACAGAATGTTCTCTATGAGAACCAAA
AATTGATTGCCAACCAATTTAATAGTGCTATTGGCAAAATTCAAGACTCACTTTCTTCCACAGCAAGTGCACTTGGAAAACTTCAAGATGT
GGTCAACCATAATGCACAAGCTTTAAACACGCTTGTTAAACAACTTAGCTCCAAATTTGGTGCAATTTCAAGTGTTTTAAATGATATCTTTT
CACGTCTTGACAAAGTTGAGGCTGAAGTGCAAATTGATAGGTTGATCACAGGCAGACTTCAAAGTTTGCAGACATATGTGACTCAACAAT
TAATTAGAGCTGCAGAAATCAGAGCTTCTGCTAATCTTGCTGCTACTAAAATGTCAGAGTGTGTACTTGGACAATCAAAAAGAGTTGATTT
TTGTGGAAAGGGCTATCATCTTATGTCCTTCCCTCAGTCAGCACCTCATGGTGTAGTCTTCTTGCATGTGACTTATGTCCCTGCACAAGAAA
AGAACTTCACAACTGCTCCTGCCATTTGTCATGATGGAAAAGCACACTTTCCTCGTGAAGGTGTCTTTGTTTCAAATGGCACACACTGGTT
TGTAACACAAAGGAATTTTTATGAACCACAAATCATTACTACAGACAACACATTTGTGTCTGGTAACTGTGATGTTGTAATAGGAATTGTC
AACAACACAGTTTATGATCCTTTGCAACCTGAATTAGATTCATTCAAGGAGGAGTTAGATAAATATTTTAAGAATCATACATCACCAGATG
TTGATTTAGGTGACATCTCTGGCATTAATGCTTCAGTTGTAAACATTCAAAAAGAAATTGACCGCCTCAATGAGGTTGCCAAGAATTTAAA
TGAATCTCTCATCGATCTCCAAGAACTTGGAAAGTATGAGCAGTATATAAAATGGCCATGGTACATTTGGCTAGGTTTTATAGCTGGCTTG
ATTGCCATAGTAATGGTGACAATTATGCTTTGCTGTATGACCAGTTGCTGTAGTTGTCTCAAGGGCTGTTGTTCTTGTGGATCCTGCTGCAA
ATTTGATGAAGACGACTCTGAGCCAGTGCTCAAAGGAGTCAAATTACATTACACATAA
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Appendix 1—figure 1. The gene sequence of the spike region of the Omicron BA.1.1 virus used in the live virus
neutralization assay.
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Appendix 1—figure 2. The amino acid sequence of the spike region of the Omicron BA.1.1 virus used in the
live virus neutralization assay aligned with that of the prototype virus. The sequence alignment result shows that
there are 40 residue mutations, deletions or insertions in the spike region compared to that of the prototype virus,
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Appendix T—figure 2 continued
including A67V, del69-70, T951, G142D, del143-145, N2111, del212, insert EPE, G339D, R346K, S371L, S373F, S375F,

K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, NSO1Y, YS505H, T547K, D614G, H655Y, N679K,
P68TH, N764K, D796Y, N856K, Q954H, N969K and L981F.
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