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SUMMARY
Inoculation against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is ongoing worldwide.
However, the emergence of SARS-CoV-2 variants could cause immune evasion. We developed a bivalent
nanoparticle vaccine that displays the receptor binding domains (RBDs) of the D614G and B.1.351 strains.
With a prime-boost or a single-dose strategy, this vaccine elicits a robust neutralizing antibody and full pro-
tection against infection with the authentic D614G or B.1.351 strain in human angiotensin-converting enzyme
2 transgenemice. Interestingly, 8months after inoculation with the D614G-specific vaccine, a new boost with
this bivalent vaccine potently elicits cross-neutralizing antibodies for SARS-CoV-2 variants in rhesus ma-
caques. We suggest that the D614G/B.1.351 bivalent vaccine could be used as an initial single dose or a
sequential enforcement dose to prevent infection with SARS-CoV-2 and its variants.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

has infectedmore than 245million people, causingmore than 4.9

million deaths worldwide (Wang et al., 2020a; Zhou et al., 2020).

Since the outbreak started, various coronavirus disease 2019

(COVID-19) vaccines have been authorized or approved for

emergency use, followed by many more at different phases in

their development pipelines, including nanoparticle vaccines (Ar-

unachalam et al., 2021; Brouwer et al., 2021; Keech et al., 2020;

Ma et al., 2020; Saunders et al., 2021; Walls et al., 2020a). How-

ever, the subsequent emergence of SARS-CoV-2 variants, espe-

cially those with mutations in the receptor binding domain (RBD)

of the spike protein, has caused great concern (Plante et al.,

2021; Wang et al., 2021b). The RBD of the spike protein interacts

with the major viral receptor angiotensin-converting enzyme 2

(ACE2) to mediate viral entry, and mutations in the RBD cause

evasion from neutralizing antibodies (nAbs) or enhanced binding
This is an open access article under the CC BY-N
affinity to ACE2 (Letko et al., 2020; Walls et al., 2020b). Since late

2020, numerous variants have been reported and eventually

spread worldwide, notably the B.1.1.7 (alpha, variant of concern

[VOC] 202012/01), B.1.351 (known as the beta variant), P.1 (also

called gamma), B.1.429, B.1.526, B.1.617.1 (kappa), and

B.1.617.2 (delta) lineages, which carry various mutations in

many regions of the SARS-CoV-2 genome, especially in the

spike (S) region (Figure S4C; Galloway et al., 2021; Hodcroft

et al., 2021; Hoffmann et al., 2021; Li et al., 2021b; Resende

et al., 2021; Tegally et al., 2020; Zhang et al., 2021b). Importantly,

compared with the D614 and D614G lineages, most of these var-

iants, especially those harboring E484K/Q mutants, confer

elevated resistance to neutralization from convalescent

COVID-19 sera as well as many therapeutic monoclonal anti-

bodies (Garcia-Beltran et al., 2021; Greaney et al., 2021; Hoff-

mann et al., 2021; Li et al., 2021a, 2021c; Planas et al., 2021;

Sun et al., 2021; Wang et al., 2021a; Zhou et al., 2021). Recent

clinical studies in South Africa, in parallel, confirmed reduced
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C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:zhangyw57@mail.sysu.edu.cn
mailto:zhangh92@mail.sysu.edu.cn
https://doi.org/10.1016/j.celrep.2021.110256
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.110256&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. The bivalent D614G/B.1.351_RBD-NP vaccine elicits a robust immune responses in BALB/c mice and is thermostable and resilient

(A) Schematic of the bivalent D614G/B.1.351_RBD-NP. The bivalent D614G/B.1.351_RBD-NP consists of Sd-ferritin, Gv-D614G_RBD, and Gv-B.1.351_RBD.

The ratio is 50/50 of D614G_RBD-NP and B.1.351_RBD-NP in bivalent D614G/B.1.351_RBD-NP. Sd, SdCatcher; SP, secretory signal peptide; Gv, GvTagOpti.

(B) Representative BIAcore plots of D614G_RBD-NP and B.1.351_RBD-NP bound to hACE2. The KD values were calculated by the software BIAevaluation. The

KD value shown was a mean of three independent experiments.

(C and D) D614G_RBD- and B.1.351_RBD-specific IgG/IgA titers of immunized BALB/c mice were detected by ELISA. Antibody titers of serum and BALF, which

were collected at week 6, were determined by ELISA, and the data are represented as the reciprocal of the endpoint serum dilution.

(legend continued on next page)
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efficacy against symptomatic COVID-19 disease for various vac-

cines based on the original D614/D614G, including the NVX-

CoV2373 (Novavax), BNT162b2 (Pfizer-BioNTech), AZD1222

(University of Oxford/AstraZeneca), and Ad26.COV2.S (Jans-

sen/Johnson & Johnson) vaccines (Abu-Raddad et al., 2021;

Moyo-Gwete et al., 2021; Shen et al., 2021; Shinde et al.,

2021). Some recent studies also show that the protection effi-

ciency of these vaccines against other variants harboring

E484K/Q mutations, such as B1.617.1 harboring L452R/

E484Q, is decreased (Cherian et al., 2021; Edara et al., 2021; Ku-

mar et al., 2021). Therefore, strategies for developing updated

vaccines against B.1.351 and other variants harboring E484K/

Qmutations are urgently needed to avoid potential loss of clinical

efficacy. Further, because the magnitude and duration of vac-

cine protection remains to be determined, an additional boost

for the current vaccines could be necessary.

Given that the B.1.351 and P.1 strains harbor K417N/T,

E484K, and N501Y mutations in the RBD domain, B.1.526 har-

bors E484K, and B.1.617.1 harbors L452R and E484Q (Fig-

ure S4C), wewanted to develop aD614G- and E484K/Q-specific

bivalent vaccine. Because themutants of B.1.351 exert the high-

est possibility of immune evasion so far, its RBD was chosen as

the representative immunogen for E484K/Q mutant lineages

(Diamond et al., 2021; Skelly et al., 2021). To this end, a bivalent

D614G/B.1.351 RBD nanoparticle vaccine was developed that

comprises a 1:1 mix of D614G_RBD-NP (D614G RBD nanopar-

ticle vaccine) and B.1.351_RBD-NP (B.1.351 RBD nanoparticle

vaccine). With a prime-boost or single-dose strategy, this biva-

lent vaccine elicited robust nAbs and full protection against

infection with the authentic D614G or B.1.351 strains in human

ACE2 (hACE2) transgene mice. Furthermore, 8 months after

inoculation with the D614G-specific vaccine, a new boost with

this bivalent vaccine potently elicited cross-nAbs for SARS-

CoV-2 variants in rhesus macaques.

RESULTS

As described previously, we expressed the ferritin and RBD pro-

tein separately and then allow them to covalently conjugate

through an isopeptide bond (Ma et al., 2020). To increase conju-

gation efficiency, we recently developed a GvTagOpti/

SdCatcher (Gv/Sd) system derived from Gardnerella vaginalis

and Streptococcus dysgalactiae, respectively. This conjugation

system presents immunogen on nanoparticles with much higher

efficiency (Zhang et al., 2021c). The Sd-coding sequence was

genetically fused at the N terminus of ferritin (Sd-ferritin),

whereas the Gv-coding sequence was fused at the N-terminus

of the D614G_RBD or B.1.351_RBD sequence (Figure 1A). The
(E) Groups of serially diluted serum were examined for nAbs against pseudotyp

(NT50) of nAbs in each group. Experiments were conducted independently in tri

(F) The nAbs titer of each vaccine group for the authentic SARS-CoV-2 (D614G/B

concentration (IC50).

(G and H) Immunoreactivity of bivalent D614G/B.1.351_RBD-NP for D614G_RBD

for 2 weeks (G) or after one to five cycles of freezing and thawing (H). Antibody ti

represented as the reciprocal of the endpoint serum dilution. Each dot represen

Experiments were conducted independently in triplicate. Data are represented

Tukey’s multiple comparisons test. Significant differences between groups linked

0.01, ***p < 0.001, ****p < 0.0001.
purified Gv-D614G_RBD and Gv-B.1.351_RBD were irreversibly

covalently conjugated to the Sd-ferritin to generate

D614G_RBD-nanoparticle (NP) and B.1.351_RBD-NP (Fig-

ure 1A). The NP conjugates were purified by size exclusion chro-

matography (SEC) and analyzed by SDS-PAGE (Figures S1A and

S1B). Transmission electron microscopy (TEM) of the pooled

higher-molecular-weight fractions from SEC revealed well-or-

dered NPs (Figure S1C). The RBD-conjugated NPs showed

spikes protruding from the spherical core after conjugation (Fig-

ure S1C). We characterized the antigenicity of NP conjugates by

detecting their binding affinity and kinetics with the receptor

hACE2 (Ramanathan et al., 2021). The measured binding disso-

ciation constants (KD) of the D614G_RBD-NP andB.1.351_RBD-

NP with the hACE2 receptor were 8.67 3 10�9 and 3.23 3 10�9

M, respectively, indicating that the epitopes on the NPs are

exposed and correctly folded and that the B.1.351_RBD-NP

binds to human ACE2 with increased affinity (Figures 1B and

S1D). SEC, TEM, and surface plasmon resonance (SPR)

confirmed successful generation of NP vaccines presentingmul-

tiple copies of the SARS-CoV-2 RBD proteins.

To evaluate the immunogenicity of these bivalent NP vaccines

against the ancestral D614G and B.1.351 variants, BALB/c mice

were immunized with these vaccines. We compared two different

aluminum adjuvants with the Sigma adjuvant system (SAS) used

in our previous study and found that there was no difference in

immunogenicity between each group (Figure S1E). Therefore,

we chose alhydrogel (InvivoGen) as the adjuvant for this study.

BALB/c mice were immunized subcutaneously with 10 mg of

B.1.351_RBD-NP or D614G/B.1.351_RBD-NP adjuvantwith alhy-

drogel in a prime-boost manner. Serum was collected, and mice

were euthanized 2 weeks after boost. The B.1.351_RBD-NP and

D614G/B.1.351_RBD-NP vaccines induced RBD-specific immu-

noglobulin G (IgG) in serum at approximately 105 titer and RBD-

specific IgA secretion in bronchoalveolar lavage fluid (BALF) spe-

cific for the D614G and B.1.351 variants (Figures 1C and 1D). By

utilizing pseudovirus neutralization assays, the nAbs induced by

D614G/B.1.351_RBD-NP strongly inhibited D614G and B.1.351

pseudotyped variants (Figure 1E). In linewith the previous findings

that serum from convalescent COVID-19 individuals showed

reduced neutralization against the B.1.351 variant, the

D614G_RBD-NP vaccine showed a reduction of nAbs to the

B.1.351 variant in BALB/c mice (Figure 1E; Li et al., 2021c). To

study whether these nAbs could inhibit infection with authentic

D614G and B.1.351 strains, a focus reduction neutralizing test

(FRNT) was conducted (Ma et al., 2020). The nAbs in all NP-vacci-

nated mice strongly inhibited replication of the authentic D614G

and B.1.351 strains. The B.1.351_RBD-NP vaccine elicited higher

neutralization titers against B.1.351 comparedwith that of D614G,
ed SARS-CoV-2 (D614G/B.1.351). Data represent the 50% neutralizing titers

plicate.

.1.351) was determined by FRNT and is represented as half-maximal inhibitory

and B.1.351_RBD, determined by ELISA after storage at various temperatures

ters of serum collected at week 2 were determined by ELISA, and the data are

ts serum from one animal.

as mean ± SD. Adjusted p values were calculated by one-way ANOVA with

by horizontal lines are indicated by asterisks. ns, not significant; *p < 0.05, **p <
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whereas the bivalent D614G/B.1.351_RBD-NP induced a similar

robust neutralization response against the authentic D614G and

B.1.351 strains, with no significant difference in neutralization ti-

ters (Figure 1F). We further determined the cellular immune

response of the bivalent NP vaccines. 2 weeks after boost vacci-

nation, splenocytes were obtained, and intracellular cytokine

staining (ICCS) was conducted (Figure S2A). All NP-vaccinated

mice showed strong polyfunctional CD8+ T cells expressing inter-

feron g (IFN-g) and interleukin-2 (IL-2) and Th1-biased CD4+

T cells expressing IFN-g (Figure S2B). There was no difference

across different groups for Th2-biased IL-4+-expressing CD4+

T cells (Figure S2B).

To determine the stability of NP vaccines, we stored the

D614G/B.1.351_RBD-NP vaccine at �80�C, �20�C, 4�C, and
25�C for 2 weeks. SDS-PAGE profiles indicated that the protein

remained highly stable after 2 weeks of storage at all tested tem-

peratures (Figure S3A), with no loss of immunogenicity in BALB/c

mice (Figure 1G). We next assessed the resilience of the D614G/

B.1.351_RBD-NP vaccine by challenging it with multiple rounds

of freezing and thawing. Even after five rounds of freezing and

thawing, no degradation was observed, based on SDS-PAGE

analysis (Figure S3B), and no loss of immunogenicity in BALB/

c mice (Figure 1H). The B.1.351_RBD-NP vaccine and the biva-

lent D614G/B.1.351_RBD-NP vaccine induced robust humoral

and cellular immune responses with a high level of stability.

To determine bivalent D614G/B.1.351_RBD-NP vaccine pro-

tection against D614G and B.1.351 variant infection, we immu-

nized transgenic hACE2 mice, which expressed humanized

ACE2, with NP vaccines (Figure 2A). The RBD-specific IgG

against the D614G and B.1.351 strains was quite high in all

NP-immunized hACE2 mice 2 weeks after boost (Figure 2B). In

the 50% focus reduction neutralizing test (FRNT50) assay, the

D614G/B.1.351_RBD-NP vaccine elicited a similar robust

neutralization response against the authentic D614G and

B.1.351 strains, whereas a 9-fold decrease of neutralization

against the B.1.351 strain was observed in D614G_RBD-NP-

immunized hACE2 mice (Figure 2C). All immunized hACE2

mice were challenged intranasally with 4 3 104 plaque-forming

units (PFUs) of the D614G or B.1.351 strains, respectively, and

euthanized 5 days after challenge. The SARS-CoV-2 viral RNA

copies in the lungs and trachea were used to quantify virus repli-

cation. Control hACE2 mice had an average of 5.84 3 105 and

6.10 3 104 copies/mL for D614G and 6.75 3 105 and 2.69 3

105 copies/mL for the B.1.351 strain in the lungs and trachea,

respectively, whereas D614G/B.1.351_RBD-NP-immunized

hACE2 mice had undetectable levels of viral RNA (Figures 2D

and 2E). The D614G_NP vaccine remained overall efficacious

and delivered notable cross-protection against the B.1.351

variant (Figure 2E). Moreover, the SARS-CoV-2 nucleocapsid

(N) antigen was undetectable in the lung tissue of all NP-vacci-

nated hACE2 mice but was detected in control mice (Figures

2F–2I). Hematoxylin and eosin (H&E) staining of lung tissue

showed a reduction of inflammation in immunized hACE2 mice

compared with control mice (Figures 2F–2I).

In our previous study, we reported that a significant amount of

nAbs had been induced by our NP vaccines 4 weeks after prim-

ing but before boost vaccination, indicating that single-dose

vaccination could be enough to elicit sufficient nAbs against
4 Cell Reports 38, 110256, January 18, 2022
SARS-CoV-2 (Ma et al., 2020). Here we evaluate the immunoge-

nicity and in vivo protection ability of a single dose of the bivalent

D614G/B.1.351_RBD-NP vaccine (Figure 3A). Five hACE2 mice

were immunized with 10 mg of the D614G/B.1.351_RBD-NP vac-

cine or an equimolar amount of D614G/B.1.351_RBD-monomer

as a control. Because the prime-boost strategy of the NP vac-

cine has been carefully evaluated using a monomer as a control

in our previous study, here we also set the D614G/B.1.351_RBD-

monomer group as a control for the single-dose strategy (Ma

et al., 2020). Serumwas collected 6 weeks after vaccination (Fig-

ure 3A). RBD-specific IgG against the D614G andB.1.351 strains

was detectable in all NP-immunized hACE2 mice (Figure 3B).

With the FRNT50 assay and pseudovirus neutralization assays,

a single dose of the D614G/B.1.351_RBD-NP vaccine induced

significantly higher neutralization titers against the pseudovirus

and authentic D614G and B.1.351 variants compared with

D614G/B.1.351_RBD-monomer (Figures 3C, 3D and, S4A). All

immunized hACE2 mice were challenged intranasally with 4 3

104 PFUs of the D614G or B.1.351 strains, respectively, and

euthanized 5 days after challenge. Although the single dose of

D614G/B.1.351_RBD-monomer had an average of 1.62 3 105

and 3.88 3 104 copies/mL for the D614G strain and 1.54 3 105

and 3.17 3 104 copies/mL for the B.1.351 strain in the lungs

and trachea, respectively, all single-dose D614G/B.1.351_

RBD-NP-immunized hACE2 mice had undetectable levels of

viral RNA (Figures 3E and 3F). The lungs were analyzed for

histopathology and immunohistochemistry. Histopathology ex-

amination indicated severe bronchopneumonia and interstitial

pneumonia in the D614G/B.1.351_RBD-monomer group, with

edema and bronchial epithelial cell desquamation and infiltration

of lymphocytes within alveolar spaces. In contrast, only verymild

bronchopneumonia was observed in the D614G/B.1.351_RBD-

NP vaccine group (Figures 3G and 3H). Similarly, immunohisto-

chemistry assays detected the SARS-CoV-2 N antigen in the

D614G/B.1.351_RBD-monomer group, but the SARS-CoV-2 N

antigen was undetectable in lung tissue of the single-dose-

immunized D614G/B.1.351_RBD-NP group (Figures 3I and 3J).

These data demonstrated that single-dose vaccination of the

D614G/B.1.351_RBD-NP vaccine caused significant prevention

of replication of the authentic D614G and B.1.351 strains in the

lungs.

Further, we compared the protection efficiency of the bivalent

vaccine strategy and the original D614G_RBD-NP vaccine from

the B.1.351 strain. hACE2 mice were immunized with 2 mg, 5 mg,

and 10 mg of the bivalent vaccine and D614G_RBD-NP vaccine

in a single-dose regimen. Six weeks after vaccination, serum

RBD-specific IgG titers against the B.1.351 strain were roughly

comparable for the two groups at three different doses (Fig-

ure S4B). In the FRNT50 assay, the D614G/B.1.351_RBD-NP vac-

cine produced higher nAb responses against the authentic

B.1.351 strain in mice vaccinated with a dose of 5 mg and 10 mg

(Figure 3K). All immunized hACE2 mice were challenged intrana-

sally with 4 3 104 PFUs of the B.1.351 strain and euthanized

5 days after challenge. Compared with the D614G_RBD-NP vac-

cine group, the bivalent D614G/B.1.351_RBD-NP vaccine

showed better protection, as demonstrated by lower levels of viral

RNA in the lungs and a reduction of inflammation, as seen by his-

topathological examination of lung tissue (Figure 3L and 3M).



Figure 2. The bivalent D614G/B.1.351_RBD-NP vaccine protects against D614G and (B)1.351 variant infection in hACE2 mice

(A) Schematic of hACE2 mouse vaccination. Five mice in each group were primer-boost-vaccinated with the bivalent D614G/B.1.351_RBD-NP on day 0 and day

28. Mice were challenged with authentic SARS-CoV-2 (D614G/B.1.351) on day 56. All mice were bled and euthanized 5 days after challenge.

(B) D614G_RBD-specific and B.1.351_RBD-specific IgG antibody titers of serum were determined using ELISA by serial dilution and are represented as the

reciprocal of the endpoint serum dilution.

(C) The serum of each mouse was 10-fold serially diluted and incubated with 500 focus-forming units (ffu) of authentic SARS-CoV-2 (D614G/B.1.351), followed by

incubationwithVeroE6cells. TheFRNTspots of eachwellwerecounted. FRNT50ofnAbsof eachvaccinegroupwasdeterminedbyFRNTand is representedas IC50.

(D and E) Viral RNA copies in the lungs and trachea of each mouse were determined by qRT-PCR and plotted as log10 copies per milliliter. A dotted line indicates

the limit of detection (LOD).

(F and G) H&E staining of the lungs of each mouse.

(H and I) Immunohistochemistry (IHC) against N proteins was evaluated in the lungs of each mouse. Scale bars (F–I) represent 50 mm. Each dot represents serum

from one animal.

Experiments were conducted independently in triplicate. Data are represented as mean ± SD. Adjusted p values were calculated by one-way ANOVA with

Tukey’s multiple comparisons test. Significant differences between groups linked by horizontal lines are indicated by asterisks. *p < 0.05, **p < 0.01, ***p < 0.001.
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These data demonstrated the superiority and necessity of the

bivalent vaccine strategy, particularly in a single-dose regimen.

Finally, we assess the cross-protection of the updated biva-

lent D614G/B.1.351_RBD-NP vaccine as a third dose on previ-

ously immunized rhesus macaques (Wu et al., 2021). Rhesus

macaques were immunized with 50 mg of the D614G_RBD-

NP vaccine on days 1 and 28, and the robustness of the nAbs

against the authentic D614G and B.1.351 strains was moni-

tored over the course of more than 8 months (Figure 4A; Ma

et al., 2020). As measured by FRNT50 assay against the

D614G authentic virus, nAb titers in serum from immunized rhe-

sus macaques were elicited 14 days after priming by the

D614G_RBD-NP vaccine and peaked following another

14 days after the first boost. The nAb titers thereafter remained

significant but eventually waned over a course of 8 months.

Interestingly, serum from immunized animals showed consis-

tently higher nAb titers against the D614G strain than the

B.1.351 strain (Figure 4B).

To evaluate the ability of the bivalent D614G/B.1.351_RBD-NP

vaccine to boost pre-existing immunity and increase neutraliza-

tion of the D614G andB.1.351 strains, a third dose of 50 mg of the

bivalent D614G/B.1.351_RBD-NP vaccine was administered on

day 282 (Figure 4A). The RBD-specific IgG titers against the

D614G and B.1.351 strains were quite high after a third dose

of the vaccine, reaching approximately 105 titers (Figure S4D).

Following the bivalent D614G/B.1.351_RBD-NP vaccine booster

injection, the nAb titers against the authentic D614G virus

increased significantly, exceeding the previously measured

peak for the D614G_RBD-NP level. The third dose of the

D614G/B.1.351_RBD-NP vaccine increased the neutralization ti-

ters against the D614G and B.1.351 strains 15-fold and 65-fold,

respectively (Figures 4B and S4E). Then we determined whether

the D614G/B.1.351_RBD-NP vaccine booster elicited nAbs

against other SARS-CoV-2 variants. 4 weeks after the third

dose of the D614G/B.1.351_RBD-NP vaccine, the rhesus ma-

caque sera potently neutralized the pseudotyped viruses of cur-

rent major SARS-CoV-2 variants, including B.1.1.7, B.1.351, P.1,

B.1.429, B.1.526, and B.1.617.1 (Figure 4C). Fifteen convales-

cent sera, which were collected in Guangzhou and Zhuhai in
Figure 3. Protection efficacy of a single dose of the bivalent D614G/B.1

hACE2 mice

(A) Schematic of hACE2 mouse vaccination. Five mice in each group were vaccin

were challenged with authentic SARS-CoV-2 on day 42. All mice were bled and

(B) D614G_RBD-specific and B1.351_RBD-specific IgG antibody titers of serum

reciprocal of the endpoint serum dilution.

(C) The nAbs titer for SARS-CoV-2 pseudovirus (D614G/B.1.351) of vaccinated h

(D) The serum of eachmouse was 10-fold serially diluted and incubated with 500 f

E6 cells. The FRNT spots of each well were counted. FRNT50 of nAbs of each v

(E and F) Viral RNA copies in the lungs and trachea of each mouse were determine

the LOD.

(G and H) H&E staining in the lungs of each mouse.

(I and J) IHC against N proteins was evaluated in the lungs of each mouse.

(K) The serum of eachmouse was 10-fold serially diluted and incubated with 500 ff

FRNT spots of each well were counted. FRNT50 of nAbs of each vaccine group

(L) Viral RNA copies in the lungs of each mouse were determined by qRT-PCR a

(M) H&E staining in the lungs of each mouse.

Scale bars in (G)–(J) and (M) represent 50 mm. Each dot represents serum from o

represented as mean ± SD. Adjusted p values were calculated by one-way AN

groups linked by horizontal lines are indicated by asterisks. *p < 0.05, **p < 0.01
South China before April 15, 2020 and therefore excluded exis-

tence of the epidemic variants of SARS-CoV-2 except for the

D614 and D614G strains, were used as controls for the pseudo-

virus neutralizing assay against SARS-CoV-2 variants (Fig-

ure S4F; Liu et al., 2020). The convalescent sera were 10-fold

less effective at neutralizing B.1.351 and 23-fold less effective

for B.1.617.1 in comparison with its neutralization of the

D614G strain (Figure S4F). Similarly, the sera from rhesus ma-

caques on day 282 (before the third dose) showed a significant

reduction of neutralizing capacity of the B.1.351 and P.1 strains

and especially the B.1.617.1 strain. Interestingly, the third dose

of D614G/B.1.351_RBD-NP immunization for rhesus macaques

potently elicited nAbs against all viral variants we tested (Fig-

ure 4C). This new boost especially enhances the nAb titer for

B.1.617.1 33-fold, which is still slightly lower than that of the

D614G strain (Figure 4C).

DISCUSSION

In this study, we developed a bivalent D614G/B.1.351_RBD-NP

vaccine to prevent infection with the early strain and viral variants

harboring E484K/Q mutants. The nAbs induced by this bivalent

vaccine are quite high, and the protection from the authentic

D614G and B.1.351 strains in hACE2 mice is complete. Protec-

tion not only occurs with the initial prime-boost strategy but also

with the initial single-dose strategy. Therefore, this bivalent NP

vaccine could be used for initial prime-boost or single-dose

vaccination for those who never received any COVID-19 vac-

cine. In addition, we proposed a third-dose (second booster)

strategy, which is particularly important given the accelerating

rollout of global vaccination (Kreier, 2021). Notably, with the sin-

gle-dose strategy, a robust immune response against B.1.351 vi-

ruses depends on at least a 5-mg dose in our experiment set-

tings. This result suggests that a certain amount of vaccine is

required for initiating the immune response. In rhesus macaques

receiving initial prime-boost inoculation of the D614G-specific

NP vaccine, the nAbs for the D614G and viral variants eventually

decreased. A third-dose inoculation with a bivalent NP vaccine

significantly boosted the nAb titers against the D614G and
.351_RBD-NP vaccine against D614G and (B)1.351 variant infection in

ated with a single dose of the bivalent D614G/B.1.351_RBD-NP on day 0. Mice

euthanized 5 days after challenge.

were determined using ELISA by serial dilution and are represented as the

ACE2 mice by pseudotyped virus neutralization assay, represented as IC50.

fu of authentic SARS-CoV-2 (D614G/B.1.351), followed by incubation with Vero

accine group was determined by FRNT and is represented as IC50.

d by qRT-PCR and plotted as log10 copies per milliliter. A dotted line indicates

u of the authentic B).1.351 strain, followed by incubationwith Vero E6 cells. The

was determined by FRNT and is represented as IC50.

nd plotted as log10 copies per milliliter. A dotted line indicates the LOD.

ne animal. Experiments were conducted independently in triplicate. Data are

OVA with Tukey’s multiple comparisons test. Significant differences between

, ***p < 0.001, ****p < 0.0001.
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Figure 4. A third dose of the bivalent D614G/B.1.351_RBD-NP vaccine in rhesus macaques previously vaccinated with two doses of

D614G_RBD-NP induces cross-neutralization of viral variants

(A) Schematic of rhesus macaque vaccination. Four rhesus macaques were first vaccinated with primer-boost D614G_RBD-NP on day 0 and day 28 and then

vaccinated with bivalent D614G/B.1.351_RBD-NP on day 282. Serum was collected at the indicated times.

(B) The serum of each rhesus macaque at different times was 10-fold serially diluted and incubated with 500 ffu of authentic SARS-CoV-2 (D614G/B.1.351),

followed by incubation with Vero E6 cells. The FRNT spots of each well were counted. FRNT50 of nAbs of authentic SARS-CoV-2 (D614G/B.1.351) was

determined by FRNT and plotted as a time-course curve.

(C) The nAbs titer for the SARS-CoV-2 pseudovirus (D614G/D614/B.1.1.7/B.1.351/P.1/B.1.429/B.1.526/B.1.617.1) of rhesusmacaques before and after the third

boost with D614G/B.1.351_RBD-NP was determined by pseudotyped virus neutralization assay and is represented as IC50. Each dot represents serum from one

animal.

Experiments were conducted independently in triplicates. Data are represented as mean ± SD. Adjusted p values were calculated by one-way ANOVA with

Tukey’s multiple comparisons test. Significant differences between groups linked by horizontal lines are indicated by asterisks. *p < 0.05, **p < 0.01.
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B.1.351 strains at almost the same level. Notably, the deteriora-

tion rate of the D614G nAb titer is slower after the third dose

compared with that after the second dose, suggesting involve-

ment of a stronger memory immune response. Importantly, the

third dose of immunization with the bivalent NP vaccine also

potently elicited nAbs against almost all variants we tested,

albeit with a slight deficiency for B.1.617.1.

A recent work indicates that a NP vaccine based on an early

strain is enough to fully protect an animal from infection with viral

variants, including B.1.351 (Saunders et al., 2021). Although our

data support this claim, we show that, after initial prime-boost

with the NP vaccine targeting D614G, the nAb titers for the

D614G strain will eventually decrease, and the decrease of

nAb titers for B.1.351 is even more significant. This causes

concern regarding the long persistence of immunity against viral

variants after NP vaccine administration targeting the early

strain. Given that SARS-CoV-2 variants with the E484K/Q
8 Cell Reports 38, 110256, January 18, 2022
mutant dominate in many regions of the world and that the biva-

lent vaccine has a potent capability to boost nAb titers against

viral variants, we suggest that it is necessary to develop a biva-

lent NP vaccine targeting the early strain and B.1.351 strain,

which could be sufficient for the current COVID-19 pandemic

with the threat of 484K/Q mutants. Given that SARS-CoV-2 ex-

hibits a significant capability to evolve after an almost 2-year

epidemic, a vaccine for SARS-CoV-2 variants could be

developed.

To deal with the pandemic caused by SARS-CoV-2 variants, in

addition to updating the design of immunogen, the inoculation

strategy should also be optimized (Huang et al., 2021b; Powell

et al., 2021; Yahalom-Ronen et al., 2020). Because the bivalent

NP vaccine has potent protection efficiency in hACE2 mice

with a single dose and is stable at ambient temperature and

resistant to freezing and thawing with minimal loss of immunoge-

nicity, long-distance distribution of this bivalent NP vaccine
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could become quite easy, especially to countries where cold-

chain resources are incomplete.
Limitations of the study
Our study has potential limitations. Only the D614G/

B.1.351_RBD-NP vaccine was evaluated as a third dose. The

ability of D614G_RBD-NP or B.1.351_RBD-NP to boost immu-

nity against the D614G and B.1.351 strains has not yet been as-

sessed, although cross-protecting nAbs against the viral variants

are expected because of the high levels of titers.
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BD LSRFortessa cell analyzer BD Biosciences http://www.bdbiosciences.com/in/
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ImmunoSpot-analyzers

Other
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Hui

Zhang (zhangh92@mail.sysu.edu.cn).

Materials availability
Plasmids sequences for vaccine components will be made available upon request. Purified proteins for in vitro experiments can be

generated upon execution of a material transfer agreement (MTA) with inquiries directed to Dr. Hui Zhang.

Data and code availability

d All data supporting the findings of this study are available within the paper or from the corresponding author upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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Ethics statements
The Ethics Review Board of Sun Yat-sen University approved this study. Animal experiments were carried out in compliance with the

guidelines and regulations of the Laboratory Monitoring Committee of Guangdong Province of China. The animal experiments were

also approved by the Ethics Committee of Zhongshan School of Medicine (ZSSOM) of Sun Yat-sen University on Laboratory Animal

Care (Assurance Number: 2017-061). Authentic SARS-CoV-2 challenge studies were approved by the Ethics Committee of ZSSOM

of Sun Yat-sen University on Laboratory Animal Care (Assurance Number: 2017-061) aswell. Non-human primates experiments were

approved by the Institutional Animal Care and Use Committee (IACUC) of Guangdong Landau Biotechnology Co, Ltd. (IACUC

Approval No: LDACU 20200216-01). The Ethics ReviewBoards of Sun Yat-sen University, Guangzhou 8th People’s Hospital and Fifth

Affiliated Hospital of Sun Yat-sen University approved this study. Fifteen serum samples from convalescent COVID-19 patients were

obtained fromGuangzhou 8th People’s Hospital and Fifth Affiliated Hospital of Sun Yat-sen University. All the convalescent sera were

positive for RBD-specific antibodies (Liu et al., 2020).

Cells and viruses
HEK293T, CHO-K1 and Vero E6 cells were obtained from ATCC. These adherent cells were cultured in Dulbecco’s modified Eagle

medium (DMEM) supplemented with 1%penicillin-streptomycin (ThermoFisher) and 10%FBS (ThermoFisher). HEK293T expressing

hACE2 (hACE2/HEK293T) was constructed in home. All cells were cultured in the sterile incubator at 37�C and 5%CO2. All cells have

been confirmed to be mycoplasma free.

SARS-CoV-2 strains, named as hCoV-19/CHN/SYSU-IHV/2020 (D614G) (Accession ID onGISAID: EPI_ISL_444969) and 19nCoV-

CDC-Tan-GDPCC (B.1.351) were propagated in Vero E6 cells as published before (Huang et al., 2021a; Ma et al., 2020). The D614G

strain was isolated from the sputum of a female COVID-19 patient who was infected by a UK traveler in April 2020 by us, and the

B.1.351 strain was isolated from a South Africa traveler by the Guangdong Center for Disease Control in January 2021. The sequence

of this B.1.351 strain was performed by Guangdong Center for Disease Control and confirmed by us. The concentrations of D614G

and B.1.351 were determined by FRNT as described below. All the authentic SARS-CoV-2-related experiments were conducted in

the BSL-3 facility of Sun Yat-sen University.

Animal models
Transgenic hACE2mice (C57BL/6) were purchased fromGemPharmatech Co, Ltd. The generation procedurewas described as pub-

lished before (Zhang et al., 2021d). Specific-pathogen-free (SPF) 5-6-week old female BALB/c mice were purchased from Guang-

dong Medical Laboratory Animal Center. All mice were housed and vaccinated in SPF facilities at the Laboratory Animal Center of

Sun Yat-sen University. Four adult rhesus macaques (2 male and 2 female) between 2-4-year old were purchased from Guangdong

Landau Biotechnology Co, Ltd. Monkeys experiments were conducted according to the guidelines and regulations of the Laboratory

Monitoring Committee of Guangdong Province of China.

METHOD DETAILS

Protein expression and purification
The RBD nanoparticle vaccine was constructed as described previously (Ma et al., 2020). To further improve the conjugation effi-

ciency of the NP vaccine, we screened andmodified a variety of natural CnaB2 proteins with isopeptide bonds from various bacterial

strains. Additionally, we optimized the conjugation efficiency by generating several mutants based upon the structural prediction.

Finally, we identified a potent combination of GvTagOpti (Gv) and SdCatcher (Sd) fromGardnerella vaginalis and Streptococcus dys-

galactiae respectively, which significantly enhanced the assemble efficiency and the production of the SARS-CoV-2 NP vaccine

(Zhang et al., 2021c). The Sd-Ferritin was expressed and purified from Escherichia coli (E.coli). Briefly, the Sd was genetically fused

at the N terminus of Ferritin (Sd-Ferritin), DNA sequences of Sd-Ferritin were cloned to the pET28a vector. The construct was trans-

formed into BL21 (Takara). A single clone was amplified in LB with kanamycin while shaking at 37�C. The isopropyl b-D-1 thiogalac-

topyranoside (IPTG) (Takara) was added to the bacterial solution to induce protein expression. Eighteen hours after induction, the

bacteria expressing the protein were harvested and lysed by sonication. After centrifugation, the supernatants were loaded onto

a Sepharose 6 FF (GE Healthcare) size exclusion column that was pre-equilibrated with 20 mM Tris 50 mM NaCl buffer (pH 7.5)

and eluted with the same buffer at a rate of 10 mL min�1. The total volume of the column (Vt) was 53 mL, and the elution volume

(Ve) of Sd-ferritin NP was 26 mL. The concentration of Sd-Ferritin was determined by BCA assay. The bacterial endotoxins in nano-

particles were quantified by the Tachypleus amebocyte lysate test (%10 EU/dose). Coomassie blue staining, size-exclusion chroma-

tography (SEC), and transmission electron microscopy (TEM) were executed to confirm the purity and homogeneity (Wang et al.,

2020b).

The D614G_RBD and B.1.351_RBD were expressed and purified from Chinese hamster ovary K (CHO-K1) cells. Briefly, The Gv

coding sequence was fused at the N-terminus of the D614G_RBD or B.1.351_RBD sequence. DNA sequences of SP-Gv-

D614G_RBD and SP-Gv-B.1.351_RBD were codon-optimized for mammalian cell expression and cloned into vector plasmid

pLVX. The constructed pLVX, lentiviral packaging plasmids psPAX2, and pLP/VSVG were transfected into HEK293T cells cultured
Cell Reports 38, 110256, January 18, 2022 e4
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in DMEM conditioned medium. Lentiviruses released in the supernatant were collected 60 h after transfection and then infected

anchorage-dependent CHO-K1 cells cultured in F12K medium. The supernatant was removed 8 h later and changed with new a

F12K medium for another day of culture. The F12K medium was then replaced with CHO S4 medium, which was used for cell sus-

pension and expansion to a density of 33106 cells/mL. Seven days later, supernatants were collected and centrifuged to discard

cellular debris. The cleared supernatants were passed through the KR2i TangentialFlow Filtration system equipped with filters (Re-

pligen) with 10-kDa and 100-kDamolecular weight cutoffs (MWCO) to obtain the 10-100kDamolecular weight proteins. The concen-

trates were purified by AKTA pure system using Capto SP Impres (GE Healthcare) columns running phosphate-buffered (PH= 7) and

eluted with the 150mMNaCl phosphate-buffered (PH= 7) buffer at a rate of 5 mLmin�1. The purified proteins were concentrated and

buffer-replaced with conventional Tris buffer. The concentrations of D614G_RBD and B.1.351_RBDwere determined by BCA assay.

Coomassie blue staining was executed to confirm the purity.

The purified Gv-D614G_RBD and Gv-B.1.351_RBD were irreversibly covalently conjugated to the Sd-Ferritin to generate the

D614G_RBD-nanoparticle (NP) and B.1.351_RBD-NP. The bivalent D614G/B.1.351_RBD-NP vaccine comprises a 1:1 mix of

D614G_RBD-NP and B.1.351_RBD-NP.

Surface plasmon resonance (SPR)
The measurements of Ferritin, D614G_RBD, B.1.351_RBD, D614G_RBD-NP, and B.1.351_RBD-NP binding to hACE2 were carried

out with a BIAcore T100 instrument (GE Healthcare). A BIAcore CM5 Sensor Chip and an amine coupling kit were purchased fromGE

Healthcare. hACE2 was immobilized on a CM5 Sensor Chip (carboxymethylated dextran covalently attached to a gold surface) with

the amine coupling kit (GE Healthcare). Ferritin, D614G_RBD-NP, and B.1.351_RBD-NP were diluted into different concentrations

and then injected (30 mL min�1). hACE2-bound protein was monitored for about 120 s for each protein. The dissociation time

was 200 s with running buffer per cycle. The signals were recorded by the Biacore T100 instrument with the standard protocols.

Size-exclusion chromatography (SEC)
Gv-D614G_RBD and Gv-B.1.351_RBD were incubated with Sd-Ferritin in the Tris-HCl buffer. After 8 h, the bound protein was sub-

jected to Size-Exclusion Chromatography (SEC). D614G_RBD-NP and B.1.351_RBD-NP were eluted in retention of retaining 11 mL

to 14mL. The elution of nanoparticles was concentrated, and the concentration wasmeasured by BCA assay. Coomassie blue stain-

ing, size-exclusion chromatography (SEC), and transmission electron microscopy (TEM) were executed to confirm the purity and ho-

mogeneity (Ma et al., 2020).

Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) Grids of SD-Ferritin, D614G_RBD-NP, and B.1.351_RBD-NP have proceeded to negative-

stain electron microscopy in Shuimu BioSciences Ltd. Briefly, the Talos L120C (ThermoFisher) was operated at an accelerating

voltage 120 kV to collect data on the sample. Samples were inspected with magnifications of 36 kx and 57 kx, respectively, with

a pixel size of 0.245 nm and an electron dose of 15 e-/A2, and a total of 164 data were collected. Using cisTEM software to process

the collected data, 45244 particles were picked out, and two-dimensional classification was performed with EMAN2.

Animal vaccination
For BALB/c mice vaccination, five BALB/c mice were subcutaneously immunized with 10 mg of D614G/B.1.351_RBD-NP formulated

with Alum (InvivoGen) adjuvant. Mice in D614G_RBD-NP and B.1.351_RBD-NP groups were immunized with equal moles of

D614G_RBD-NP and B.1.351_RBD-NP. The moles of D614G/B.1.351 RBD in the monomers group were the same as

D614G_RBD-NP and B.1.351_RBD-NP in the D614G/B.1.351_RBD-NP group, respectively. Mice in the Ferritin group were immu-

nized with equal moles of ferritin, which were the same as the D614G/B.1.351_RBD-NP group. All the mice were vaccinated with the

above vaccines in a prime/boost manner, which vaccinated mice at week 0 and week 4. Serumwas collected every two weeks. Mice

were euthanized at week 6.

For hACE2mice vaccination, for prime-boost strategy, all the mice were vaccinated as in BALB/cmice. Mice were challenged with

authentic SARS-CoV-2 four weeks post-boost vaccination and euthanized 5 days post-challenge. Serum was collected at weeks 0,

2, 6, and 8. For single-dose strategy, micewere subcutaneously immunizedwith 2mg, 5mg, and 10 mg of vaccine formulatedwith Alum

(InvivoGen) adjuvant. Mice were challenged with authentic SARS-CoV-2 six weeks post-vaccination and euthanized 5 days post-

challenge. Serum was collected at weeks 0, 2, and 6.

For rhesus macaques vaccination, four monkeys were immunized with 50 mg of D614G_RBD-NP vaccine via intramuscular injec-

tion in a prime/boost manner, which was vaccinated at week 0 and week 4. Sera frommonkeys were collected every two weeks. On

Day 282, four monkeys were immunized with 50 mg of D614G/B.1.351_RBD-NP vaccine. Serumwas collected every two weeks after

the third dose immunization. All vaccines were formulated with Sigma Adjuvant System (SAS) adjuvant.

Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Different tissues of each mouse, including lung and trachea, were collected and homogenized with gentleMACS M tubes (Miltenyi

Biotec, 130-093-236) in a gentleMACS dissociator (Miltenyi Biotec, 130-093-235). RNAs of homogenized tissues were extracted

with RNeasy Mini Kit (QIAGEN,74104) according to the manufacturer’s instruction, followed by qRT-PCR to determine viral RNA
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copies of different tissues utilizing a one-step SARS-CoV-2 RNA detection kit (PCR-Fluorescence Probing) (Da An Gene Co.,

DA0931). The SARS-CoV-2 nucleocapsid (N) gene was cloned into a pcDNA3.1 expression plasmid and in vitro transcribed to obtain

RNAs as standards to generate a standard curve. The indicating copies of N standards were 10-fold serially diluted and proceeded

with qRT-PCR utilizing the same one-step SARS-CoV-2 RNA detection kit to obtain standard curves. The reactions were carried out

in a QuantStudio 7 Flex System (Applied Biosystems). The N-specific primers, probes and reaction conditions were the same as pub-

lished before (Li et al., 2021a). The viral RNA copies of each tissuewere calculated into copies permL and presented as a log10 scale.

In each qRT-PCR experiment, both positive control and negative control of simulated RNA virus particles were included to monitor

the entire experimental process and ensure the reliability of the test results.

Enzyme linked immunosorbent assay (ELISA)
Recombinant D614G_RBD and B.1.351_RBD protein was diluted to a concentration of 2 mg/mL concentration in coating buffer to

coat on high-binding 96-well plates (Corning) respectively, overnight at 4 �C. After washed three times with PBS, the plates were

blocked with 5% non-fat milk/PBS for 1 h. After another round of washing, the immunized animal serum was serially diluted and

added into each well in duplicate, followed by incubating at room temperature for 1 h. The detection of antigen-specific IgG antibody

in serum of BALB/c mice, hACE2 mice, or rhesus macaques was conducted through adding HRP-conjugated goat anti-mouse or

goat anti-monkey secondary antibody (Invitrogen) respectively at dilution of 1:10000, and incubating for another 1 h after washing

with PBS/T (containing 1% Tween-20) three times. The plates were washed four times before 100 mL TMB solution (eBioscience)

was added to each well. After 5 min of chromogenic progress at room temperature, 100 mL stop solution (Solarbio) was added to

quench reaction followed by absorption measure at 450 nm. The IgA antibodies in BALF of BALB/c mice were measured similarly

using an HRP-conjugated polyclonal goat anti-mouse IgA antibody (1:10000 diluted in PBS; Immunoway). The data were analyzed

using GraphPad Prism 8.0 software for non-linear regression to calculate endpoint titers.

SARS-CoV-2 infection
Specific-pathogen-free (SPF), transgenic hACE2 mice (C57BL/6), which have been immunized with different vaccines, were chal-

lenged with authentic SARS-CoV-2 in the BSL-3 facility (Zhang et al., 2021a; Zhang et al., 2021d). Littermates of the same sex

were randomly assigned to un-infection or infection groups. D614G and B.1.351 were used to challenge mice. Mice were anesthe-

tized with isoflurane and inoculated intranasally with 43104 FFU (Focus-forming unit) of SARS-CoV-2 viruses. The lungs were

collected at 5 days post-infection (d.p.i.). The virus stocks were obtained from the supernatant of Vero E6 after inoculation for 48

h, and the titers were determined by FRNT assay targeting nucleocapsid (N) protein.

Histopathology and immunohistochemistry
SARS-CoV-2-challenged hACE2micewere euthanized in the BSL-3 facility. Lungswere collected and fixed in 4%paraformaldehyde

buffer for 48 h, followed by embedding with paraffin. Longitudinal sections were performed on these tissues. The sections (3-4 mm)

were stained with hematoxylin and eosin (H&E). For immunohistochemistry, lung sections of each mouse were incubated with rabbit

anti-SARS-CoV-2 Nucleoprotein (N) at 1:200 dilution and the IHC were conducted as published before (Zhang et al., 2021d).

Focus reduction neutralizing test (FRNT)
Themethodwas consistent as described previously (Li et al., 2021c; Ma et al., 2020). Briefly, the Vero E6 cells were seeded in 96-well

plates at a density of 23104 cells per well and incubated the plates until cells reached 90-100%confluent. The serumof BALB/cmice,

hACE2 mice, and rhesus macaques at each time point was 10-fold serially diluted. Five hundred FFU of authentic SARS-CoV-2 vi-

ruses weremixed with the diluted serum in a ratio of 1:1 for 1 h incubation at 37�C. Cell culture mediumwas removed from the 96-well

plate, followed by the incubating with virus/serum mixture. Plates were then incubated for 1 h at 37�C. The DMEM containing 1.6%

CMC was added to each well incubated for 24 hours after the supernatant was removed. On the next day, released the supernatant

and cells were fixed with 200 ml of 4% paraformaldehyde in each well. After further incubation at 4�C for 12 h, removed the fixative,

and plates were washed with 200 ml PBS each well for 3 times. And then, 100 ml PBS containing 0.2% Triton X-100 and 1%BSA was

added to each well. After reaction for 30 mins at room temperature, each well was washed with 200 ml PBS for 3 times and incubated

50ml of the diluted primary antibody (Anti-SARS-N; 40143-T62-100), which was diluted to 1:1000 with PBS solution containing 1%

BSA at 37�C for 1 h. After primary antibody incubation, the cell within each well was washed 3 times with 200 ml PBS/T (0.1% Tween).

The secondary antibody (Goat anti-rabbit IgG HRP; SSA004-1) was diluted to 1:2000 with PBS solution containing 1% BSA. 50 ml of

the diluted secondary antibody was added to each well and incubated at 37�C for 1 h, followed by washing with PBS/T three times.

50 ml TrueBlue (KPL) was added to each well and set for 5 mins shaking at room temperature. Plates were washed with ddH2O, and

the liquid was eradicated, followed by spot counting using with ImmunoSpot Microanalyzer. The reduction rates of the serial dilution

assay were analyzed by GraphPad Prism 8.0 using non-linear regression to measure the FRNT50 titer (Zhang et al., 2021b).

Pseudotyped virus neutralization assay
Briefly, HEK293T cells were co-transfectedwith packaging plasmid psPAX2, luciferase-expressing lentivirus plasmid, and respective

variant spike protein-expressing plasmid using polyethyleneimine (PEI, Sigma). Forty-eight hours after transfection, culture superna-

tants were collected, clarified of cells before stored in -80�C. Virus titration was performed by serial-diluted virus infection on hACE2
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cells, and infectivity wasmeasured by detection of luminescence, details would be shown as follows. All the convalescent serum and

immunized animal serumwere serially diluted and incubatedwith pre-titrated amounts of SARS-CoV-2 pseudotyped virus at 37�C for

1 h. Then the serum/virusmixture was then added into wells containing 13104 hACE2 cells and incubated at 37�C in 5%CO2 for 48 h.

Cells were then lysed with lysis buffer (Promega), and the lysate was the measure for luciferase activity by detecting relative lumines-

cence units (RLU) in a luminometer (Promega). Neutralizing antibody titers of serum against the pseudotyped virus were analyzed

using GraphPad Prism 8.0 software (Zhang et al., 2021d).

Intracellular cytokine staining (ICCS)
The spleen was collected in PBS, homogenized through a 70 mm strainer and incubated in ACK lysis buffer to remove red blood cells

(RBCs), followed by passing through a 40 mm filter to obtain single splenocytes. To quantify the percentages of antigen-specific

T cells, approximately 1 million splenocytes were seeded into each well and stimulated with peptides pool, which consists of

SARS-CoV-2 Spike Glycoprotein peptides pool (GenScript) and two synthetic B.1.351_RBD peptide (B.1.351_RBD 405-424 and

B.1.351_RBD 495-514). Each peptide was used at a final concentration of 2 mg/mL. Cells were co-stimulated with 2 mg/mL anti-

CD28 (Biolegend) at 37�C with 5% CO2 for 1 h. Cells were then incubated with 5 mg/mL brefeldin A (Thermo Scientific) and 2 mM

monensin (Thermo Scientific). DMSO was used as a negative control. PMA/ionomycin was used as a positive control. After a total

of 6 h, the LIVE/DEAD Fixable Viability Dyes (Thermo Scientific) were used to exclude dead cells from analysis (Zhang et al.,

2021e). Subsequently, cells were performed with a fixation/permeabilization kit (BD Biosciences). The following cytokine antibodies

were used: anti-IFN-g (XMG1.2), anti-IL-2 (JES6-5H4), and anti-IL-4 (11B11). The percentages of cytokine-specific splenocytes were

analyzed by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical details of specific experiments, which included the statistical tests used, number of samples, mean values, standard

errors of the mean (SD), and p-values derived from indicated tests, had been described in the figure legends and showed in figures.

Statistical analyses were conducted utilizing Graphpad Prism 8.0 or Microsoft Excel. Triplicate, sextuplicate, and other replicative

data were presented as mean ± SD. Value of p < 0.05 was considered to be statistically significant and represented as an asterisk

(*). Value of p < 0.01 was supposed to be more statistically significant and described as double asterisks (**). Value of p < 0.001 was

considered the most statistically significant and represented as triple asterisks (***). Value of p < 0.0001 was supposed to be

extremely statistically substantial and described as quadruple asterisks (****). For comparison between two treatments, a Student’s

t-test was used. For comparison between each group with the mean of every other group within a dataset containing more than two

groups, one-way ANOVA with Tukey’s multiple comparisons test was used.
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Fig. S1. Purification and characterization of bivalent D614G/B.1.351_RBD 

nanoparticles. Related to Figure 1. 

(A) Coomassie blue staining of Ferritin, D614G_RBD, B.1.351_RBD, D614G_RBD-

NP, B.1.351_RBD-NP and D614G/B.1.351_RBD-NP. 

(B) SEC of D614G_RBD-NP and B.1.351_RBD-NP. The ultraviolet absorptions at 280 

were shown. The retention volume represented peaks of each nanoparticle. 

(C) TEM images and two-dimensional (2D) reconstruction of each nanoparticle. 

(D) Representative BIAcore plots of Ferritin, D614G_RBD and B.1.351_RBD bound 

to hACE2. 

(E) D614G_RBD- IgG titers of immunized BALB/c mice at week 2 and week 6 with 

different adjuvant were detected by ELISA. The data are represented as the reciprocal 

of the endpoint serum dilution. Scale bar in (C) represented 100 nm. Experiments were 

conducted independently in triplicates. Data represented as mean ± SD. Adjusted p 

values were calculated by one-way ANOVA with Tukey’s multiple comparisons test. 

Significant differences between groups linked by horizontal lines are indicated by 

asterisks. ns, not significant, ***, p < 0.001. 

  



 

Fig. S2. T cell immune responses in two-dose D614G/B.1.351_RBD-NP vaccinated 

BALB/c Mice. Related to Figure 1. 

(A)Gating strategy for intracellular cytokine staining in CD8+ and CD4+ T cells. 

Intracellular cytokine gating examples are spleen from a naïve mouse and a 

representative CD8+ or CD4+ T cell cytokine response to antigens. 

(B) BALB/c mice were euthanized post two-dose vaccination at 42 days. Splenocytes 

were incubated with a peptides pool. The percentages of IFN-γ+ and IL-2+ CD8+ T cells 

and the percentages of IFN-γ+ and IL-4+ CD4+ T cells were determined by ICCS. 

Experiments were conducted independently in triplicates. Data represented as mean ± 

SD. Adjusted p values were calculated by one-way ANOVA with Tukey’s multiple 

comparisons test. Significant differences between groups linked by horizontal lines are 

indicated by asterisks. ns, not significant, *, p < 0.05, **, p < 0.01, ***, p < 0.001. 



 
Fig. S3. The bivalent D614G/B.1.351_RBD-NP is thermostable and resilient. 

Related to Figure 1. 

(A) Coomassie blue staining of D614G/B.1.351_RBD-NP after storage at various 

temperatures for 2 weeks. 

(B) Coomassie blue staining of D614G/B.1.351_RBD-NP after one to five cycles of 

freeze-thawing.  

Experiments were conducted independently in triplicates. 



 

Fig. S4. The immune response to single-dose, prime-boost, and a third dose vaccine. 

Related to Figure 2, Figure 3 and Figure 4. 

(A) The comparison of the neutralizing antibodies titers between single-dose and 

prime-boost utilizing FRNT assay. 

(B) B.1.351_RBD-specific IgG antibodies titers of hACE2 mice immunized in a single-

dose regimen with different dose were determined using ELISA by serial dilution. 

(C) Schematic of mutations in the spike protein of SARS-CoV-2 among the recent 

mutated SARS-CoV-2 strains. 

(D)  D614G_RBD-specific and B.1.351_RBD-specific IgG antibodies titers of serum 

at indicated time were determined using ELISA by serial dilution. 

(E)  Fold changes in neutralization against both authentic SARS-CoV-2 viruses 

(D614G and B.1.351) from a third dose of bivalent D614G/B.1.351_RBD-NP vaccine. 



(F)  The nAbs titers of convalescent sera against SARS-CoV-2 pseudoviruses 

(D614G/D614/B.1.1.7/B.1.351/P.1/B.1.429/B.1.526/B.1.617.1) were determined and 

represented as half-maximal inhibitory concentrations (IC50). 

The mean value of each group was annotated respectively. Experiments were conducted 

independently in triplicates. Data represented as mean ± SD. Adjusted p values were 

calculated by one-way ANOVA with Tukey’s multiple comparisons test. ns, not 

significant, ***, p < 0.001, ****, p < 0.0001. 
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