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SUMMARY
Various vaccine strategies have been proposed in response to the global COVID-19 pandemic, each with
unique strategies for eliciting immune responses. Here, we developed nanoparticle vaccines by covalently
conjugating the self-assembled 24-mer ferritin to the receptor binding domain (RBD) and/or heptad repeat
(HR) subunits of the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) spike (S) protein.
Compared to monomer vaccines, nanoparticle vaccines elicited more robust neutralizing antibodies and
cellular immune responses. RBD and RBD-HR nanoparticle vaccinated hACE2 transgenic mice vaccinated
with RBD and/or RBD-HR nanoparticles exhibited reduced viral load in the lungs after SARS-CoV-2 chal-
lenge. RBD-HR nanoparticle vaccines also promoted neutralizing antibodies and cellular immune responses
against other coronaviruses. The nanoparticle vaccination of rhesus macaques induced neutralizing anti-
bodies, and T and B cell responses prior to boost immunization; these responses persisted for more than
three months. RBD- and HR-based nanoparticles thus present a promising vaccination approach against
SARS-CoV-2 and other coronaviruses.
INTRODUCTION

The Coronavirus Disease 2019 (COVID-19), which is caused by

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-

CoV-2), has emerged as a worldwide severe pandemic and

caused more than 52 million confirmed cases and more than 1

million deaths (as of middle of November 2020, report from

https://covid19.who.int/) (Zhu et al., 2020b). The infection and

death cases still increase rapidly for the high transmissibility

with a basic reproduction number (R0) of 3.28 and the lack of

effective vaccines and therapeutic drugs (Liu et al., 2020b;

Sanders et al., 2020). Developing an effective, safe, and preven-

tative vaccine against SARS-CoV-2 is urgently needed to end the

pandemic (Lurie et al., 2020).

SARS-CoV-2 is a new member of pathogenic human corona-

viruses, which also includes four common coronaviruses: hCoV-

NL63, hCoV-229E, hCoV-OC43, and hCoV-HKU1, and two life-

threatening beta-coronaviruses SARS-CoV and MERS-CoV (Lu

et al., 2020). Like other coronaviruses, SARS-CoV-2 harbors a
Immu
large single-strand positive-sense genomic RNA which encodes

fourmajor structural proteins, spike (S), membrane (M), envelope

(E), and nucleocapsid (N) (Shereen et al., 2020). The S protein,

which contains S1 and S2 subunits, is embedded within viral en-

velope andmediates the recognition and entry into human cell by

binding to the human angiotensin-converting enzyme 2 (hACE2)

through the receptor-binding domain (RBD) within S1 subunit,

followed by the fusion of viral envelope and cellular membrane

through the participation of heptad repeat 1 (HR1) and heptad

repeat 2 (HR2) within S2 subunit (Hoffmann et al., 2020; Walls

et al., 2020). Most of the isolated neutralizing antibodies against

SARS-CoV-2 infection target S protein, especially RBD (Jiang

et al., 2020; Ju et al., 2020; Pinto et al., 2020; Rogers et al.,

2020). Therefore, the S protein is a promising target to design

candidate vaccines (Amanat and Krammer, 2020).

As of November 2020, over 259 SARS-CoV-2 vaccine candi-

dates are under development, including 54 in clinical trials (Update

on 11 November 2020, report from https://vac-lshtm.shinyapps.

io/ncov_vaccine_landscape/). Most vaccine candidates target S
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protein and are classified into five types: DNA vaccine, mRNA

vaccine, vectored vaccine, inactivated vaccine, and protein sub-

unit vaccine. The technique of DNA vaccine production is the

simplest to obtain large amount of vaccine candidates. However,

this kind of vaccination strategy is unable to totally prevent SARS-

CoV-2 infection (Yu et al., 2020). mRNA vaccines, which include

two candidates in phase III clinical evaluation, are also very easy

to produce and havebeen found toprevent SARS-CoV-2 infection

effectively (Erasmus et al., 2020; Jackson et al., 2020; Laczkó

et al., 2020; Zhang et al., 2020a). The prophylactic effect of these

mRNA vaccines will be further evaluated in clinical trials. Several

reports focus on inactivated vaccines and adenovirus-vectored

vaccines, including four under phase III clinical evaluation (Gao

et al., 2020; Mercado et al., 2020; van Doremalen et al., 2020;

Wang et al., 2020a). These reported inactivated and adenovirus-

vectored vaccines prevent SARS-CoV-2 infection in animal

models. However, special attention should be drawn on the po-

tential adverse effects and moderate neutralizing antibodies

(Zhu et al., 2020a). Protein subunit vaccine utilizes specific S pro-

tein or RBD protein directly without transcription or translation

inside human body. Two studies utilizing disulfide-linked RBD-

dimer and modified S protein-trimer, respectively, demonstrate

that polymeric protein vaccines were able to inducemore neutral-

izing antibodies than monomer vaccines (Dai et al., 2020; Tian

et al., 2020; Yang et al., 2020). However, because the antigens

densities ofmonomer, dimer and trimer are relatively less and their

sizes are so small that not well compatible with the antigen cap-

ture and presentation strategy of host immune system, the immu-

nogenicities of monomer, dimer, or trimer may still not be

sufficiently robust (Shin et al., 2020; Wang et al., 2020b).

Although hundreds of SARS-CoV-2 vaccine candidates are

under way, none of them has finished and passed three clinical

trials to ensure its efficacy and safety as well as persistent pro-

tection. Besides, most of the ongoing vaccine investigations

lack the specific enrichment of effective antigens with high

immunogenicity. To overcome the above limitation and provide

more alternative vaccine candidates, we designed and evalu-

ated several nanoparticle vaccines that covalently conjugate

24 copies of RBD or RBD-HR protein subunits to the self-assem-

bled Helicobacter pylori (H. pylori) non-haem ferritin. We investi-

gated the total antibody and the neutralizing responses in both

mice and rhesus macaques and found that ferritin-based nano-

particles were able to induce more neutralizing antibodies than

protein subunit monomers. In addition, we found that the HR

subunit within S2 of S protein was also able to induce notable

neutralizing antibodies. The neutralizing antibody titer was

further increasedwith HR subunit conjugation to ferritin nanopar-

ticles. We also assessed the immunogenicity of RBD-HR

chimeric ferritin nanoparticles. Both RBD nanoparticle vaccine

and RBD-HR nanoparticle vaccine were able to protect virus-

challenged mice against SARS-CoV-2 infection. Antibody-

dependent enhancement (ADE) assay revealed that viral specific

antibodies elicited by nanoparticle vaccines did not induce ADE

of infection. Although the neutralizing antibody titer of RBD-HR

nanoparticle was similar to RBD nanoparticle, RBD-HR nanopar-

ticle was also able to neutralize other coronaviruses. Cellular

response analysis indicated that RBD and/or HR-based nano-

particle vaccines induced stronger CD8+ T cell and Th1-biased

CD4+ T cell responses in both mice and rhesus macaques.
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Collectively, the RBD and HR-based nanoparticle vaccines

significantly enhance the immunogenicity.

RESULTS

RBD- and HR-based Nanoparticle Vaccine Construction
and Purification
AsSprotein isapromising target todesignvaccinecandidates,we

aligned the S protein sequences within mammal coronaviruses

which included three SARS-CoV-2 strains (SYSU-IHV, USA-IA-

6399, and Wuhan-Hu-1), the other six human pathogenic corona-

viruses (SARS-CoV Tor2, MERS-CoV EMC, hCoV-HKU1, hCoV-

OC43, hCoV-NL63, and hCoV-229E), five bat coronaviruses, and

two pangolin coronaviruses. The alignment revealed that the hep-

tad repeat1 (HR1)andheptad repeat2 (HR2)withinS2subunitwas

highly conserved across different SARS-CoV-2 strains and

different coronaviruses genera (Figures S1A–S1D). The region of

HR1-HR2 is more conservative than the receptor-binding domain

(RBD) region in theevolutionaryhistoryofcoronavirus (FigureS1E).

RBD is also the ligand of the human angiotensin-converting

enzyme 2 (hACE2) and has high immunogenicity based on the

experience in SARS-CoV vaccine development (Du et al., 2009).

Thus,RBDwaschosenas the targetofour vaccinedesign.Several

works showed that HRs (HR1 and HR2) harbored many cross-

reactive SARS-CoV-2 CD4+ and CD8+ T cell epitopes and had

the potential to induce neutralizing responses (Ahmed et al.,

2020; Elshabrawy et al., 2012; Grifoni et al., 2020a; Grifoni et al.,

2020b; Mateus et al., 2020; Ravichandran et al., 2020). Especially,

we recently found that 97.9% recovered COVID-19 patients ex-

erted high titer IgG specific for HR region (Liu et al., 2020a). To

extend the neutralizing spectrum, enhance T cell responses, and

design a potential universal vaccine against more coronaviruses,

we also chose HR as candidate to design vaccines.

To promote immunogenicity of RBD and HR-based vaccines,

we intensively displayed antigens on nanoparticles. Aquifex aeoli-

cus lumazine synthase (which self-assemble into 60-mer) and Py-

rococcus furiosus ferritin (which self-assemble into 24-mer) nano-

particles havebeensuccessfully used inHIV-1 vaccinedesignand

induced higher neutralizing responses compared with antigen

monomers (Jardine et al., 2013; Tokatlian et al., 2019). Another

non-haem ferritin nanoparticle, which is derived fromHelicobacter

pylori (H. pylori), has been successfully applied to influenza nano-

particle vaccinewhich elicited broadly neutralizing antibodies (Ka-

nekiyo et al., 2013). One influenza HA H. pylori ferritin vaccine has

completed phase I clinical trial (NCT03186781). Another H. pylori

ferritin-based influenza H1 vaccine starts to recruit subjects

(NCT03814720). Further, H. pylori ferritin significantly diverges

from human counterparts and unlikely will induce autoantibodies.

Thus, we chose H. pylori ferritin (hereafter ferritin) as our SARS-

CoV-2nanoparticlevaccinecore.To increase thecapability topre-

sent two or more different protein subunits and increase the pro-

duction of subunits, we introduced the SpyTag/SpyCatcher sys-

tem, which originated from Streptococcus pyogenes, to

covalently conjugate the ferritin-based nanoparticle instead of

direct fusion expression, which is much less expressed (data not

shown) (Wang et al., 2020c; Zakeri et al., 2012). The SpyTag (ST)

(13 aa) was genetically fused at the N terminus of RBD or HR

andat thedownstreamof secretory signal peptide (SP) (Figure1A).

SP promoted the protein secretion and was removed after
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execution.SpyCatcher (SC) (138aa)wasgenetically fusedat theN

terminus of ferritin (Figure 1A). ST-RBD, ST-HR, and SC-Ferritin

were 63His-tagged at their C terminus to benefit affinity purifica-

tionbyNi-NTA.SC-Ferritinwasexpressedandpurified fromE.coli,

while both ST-RBD and ST-HR were expressed and purified from

CHO-S cells to preserve glycosylation modifications which were

vital for the immunogenicity and recognition of vaccines (Tokatlian

et al., 2019; Watanabe et al., 2020). The purified SC-Ferritin core

was incubated with ST-RBD and/or HR in conventional buffer

without any enzyme. SC and ST formed intermolecular isopeptide

bond which irreversibly conjugated Ferritin and antigen subunits.

The antigen-conjugated ferritin nanoparticles were separated

and collectedwith size-exclusion chromatography (SEC) followed

byconcentration (Figure1B). ToconstructRBDorHRnanoparticle

vaccine, each antigen was incubated with equal mole of ferritin,

respectively. ToconstructRBD-HRchimericnanoparticlevaccine,

RBDandHRmonomersweremixed in amole ratio of 7:3, followed

by incubating with ferritin (Figure 1C). The purity of ferritin core,

RBD monomer, HR monomer, and corresponding nanoparticle

conjugates was verified by Coomassie blue staining and western

blotting (Figure 1D). The purity and homogeneity of nanoparticles

was also verified by SEC and transmission electron microscopy

(TEM) (Figures 1E and 1F). The mole ratio of RBD-Ferritin and

HR-FerritinwithinRBD-HRnanoparticleswasmaintainedat7:3af-

ter SEC, based on the gradation analysis of Coomassie blue stain-

ing results. We found that SC-Ferritin core alone formed smooth

spherical 24-mer nanoparticles. After antigen conjugation, RBD-

Ferritin and RBD-HR-Ferritin showed spikes protruding from the

spherical core (Figure 1F). Through this kind of display strategy,

we successfully enriched candidate antigens in a nanoparticle.

Nanoparticle Vaccination Induces Potent Humoral
Immune Responses in BALB/c Mice
To evaluate the immunogenicity of nanoparticle vaccines, six

BALB/c mice were subcutaneously immunized with 10 mg dose

of RBD-HR nanoparticle vaccines formulated with Sigma Adju-

vant System (SAS) adjuvant (Figure 2A).Mice in theRBDnanopar-

ticle groupwere immunized with equal moles of RBD-Ferritin. The

moles of RBD and HR in the RBD-HR monomers group were the

same asRBD-Ferritin andHR-Ferritin in the RBD-HRnanoparticle

group, respectively.Mice in the RBDmonomer groupwere immu-

nized with equal moles of RBD as RBD-Ferritin in the RBD-HR

nanoparticle group. Mice in the Ferritin group were immunized

with equal moles of ferritin which were the sum of RBD-Ferritin

and HR-Ferritin in the RBD-HR nanoparticle group. Equal vol-

umes of adjuvant vaccinated mice were set as the mock group.
Figure 1. Construction and Purification of RBD- and HR-based Nanop
(A) Schematic of vaccine components which were 63 His-tagged SC-Ferritin, ST

(B) The procedure of nanoparticle vaccine production. SC-Ferritin was expressed

and purified from CHO-S cells. SC-Ferritin and ST-RBD or ST-HR were mixed

conjugated nanoparticles were separated with SEC and concentrated by ultrafilt

(C) Schematic illustration of Ferritin-based RBD and RBD-HR nanoparticles. RBD

70% RBD-Ferritin and 30% HR-Ferritin.

(D) Coomassie blue staining andwestern blotting of Ferritin, RBD, HR, RBD nanop

confirm the expression and purity of each protein.

(E) SEC of Ferritin core, RBD-Ferritin, and RBD-HR-Ferritin. The ultraviolet abso

nanoparticles.

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

See also Figure S1.
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All the mice were vaccinated with the above vaccines in a

prime-boost manner, which was vaccinating mice at week

0 and week 4. Serum was collected every two weeks. Mice

were euthanized at week 10. We found that the titers of RBD-

specific IgG elicited by RBD and RBD-HR nanoparticle vaccines

were higher than 105 (Figures 2B andS2A).Mice inRBDandRBD-

HRmonomers-vaccinated groups produced only 102 to 103 titers

of RBD-specific IgG. The titers of HR-specific IgG in RBD-HR

nanoparticle-vaccinated mice were similar to those in RBD-HR

monomer-vaccinated mice (Figure 2C and S2B). Both titers

were higher than 103, which indicated that HR also had a strong

immunogenicity. The titers of RBD and HR antibodies were not

weakened by ferritin-specific antibodies, although we also de-

tected high titers of ferritin antibodies in ferritin-containing groups

(Figures S2C and S2D). Besides, we found that the titers of RBD

and HR specific antibodies in nanoparticle groups reached peak

as early as twoweekspost priming,which indicated that nanopar-

ticles significantly enhanced the immunogenicity of RBD and HR

antigens (Figures 2D and 2E). Because SARS-CoV-2 recognizing

and entering into target cells relies on the binding of RBD to

hACE2, we next tried to elucidate whether the binding of RBD

to hACE2 was influenced by nanoparticles conjugation. Surface

Plasmon Resonance (SPR) assay indicated that the binding of

RBD-Ferritin and RBD-HR-Ferritin nanoparticles to hACE2 with

affinities comparable to the binding of RBD monomer to hACE2

(Figure S2E). To further identify whether the induced antibodies

were able to block RBD binding to hACE2, we conducted serum

inhibition experiments. Serum from different antigen-vaccinated

mice were pre-incubated with BV421-conjugated RBD protein,

followed by incubating with hACE2-HeLa cells. BV421 is a poly-

mer-based dye excited by the violet laser. The percentage of

BV421-conjugated RBD-bound hACE2-HeLa cells were deter-

mined by flow cytometry. We found that antibodies from RBD-

containing nanoparticle vaccine groups significantly blocked

RBD binding to hACE2 (Figures S2F and S2G). The inhibitions in

nanoparticles-vaccinated mice were stronger than those in RBD

and RBD-HR monomers-vaccinated mice (Figure S2H).

To further evaluate the immunogenicity of nanoparticle vac-

cines, we conducted several neutralizing assays. We found that

neutralizing antibodies (nAbs), which were induced by RBD and

RBD-HR nanoparticle vaccines, strongly inhibited pseudotyped

SARS-CoV-2 S/HIV-1 infection and authentic SARS-CoV-2 infec-

tion (Figures 2F and S2I). We conducted focus reduction neutral-

izing test (FRNT),which has beenwidely used toevaluate antibody

and vaccine effectiveness, to verify whether nAbs induced by

nanoparticle vaccines inhibit authentic SARS-CoV-2 infection
article Vaccine
-RBD and ST-HR. SC: SpyCatcher. SP: secretory signal peptide. ST: SpyTag.

and purified from Escherichia coli (E.coli). ST-RBD and ST-HRwere expressed

and incubated in Tris buffer to facilitate ST/SC irreversible conjugation. The

ration device.

nanoparticle contained 100% RBD-Ferritin. RBD-HR nanoparticle contained

article, andRBD-HR nanoparticle. Both His and Ferritin antibodies were used to

rptions at 280 were shown. The retention volume represented peaks of each
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Figure 2. Humoral Immune Responses in Nanoparticles Vaccinated BALB/c Mice

(A) Schematic of BALB/c vaccination. Sixmice from each groupwere prime/boost-vaccinated with different vaccines at week 0 andweek 4. Serumwas collected

every two weeks. All mice were euthanized at week 10.

(B–E) SARS-CoV-2 RBD- and HR-specific IgG titers of immunized BALB/c mice at each time point were detected by ELISA. IgG antibody titers of serum which

collected at week 6 were determined by serial dilution, and represented as the reciprocal of the endpoint serum dilution

(B and C) (n = 6). RBD and HR-specific IgG titers in each week were calculated and plotted as time-course curve (D and E).

(F) FRNT50 of nAbs of each vaccine group was determined by FRNT and represented as half-maximal inhibitory concentrations (IC50), which was the reciprocal

of half-maximal neutralizing dilution (n = 3). The right panel of (F) showed the representatives of FRNTspot wells within 1:100 and 1:1000 dilution groups.

(G) FRNTspots of serum of each time point in 1:100 and 1:1000 dilutions.

(legend continued on next page)
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(Caseet al., 2020;Hassanet al., 2020; Ju et al., 2020; Laczkó et al.,

2020). The 50% focus reduction neutralizing test (FRNT50) titers in

RBDandRBD-HRnanoparticles-vaccinatedmicewereover 1.43

104 and 3.83 104, respectively, whichwere 10- to 100- fold higher

than those in RBD and RBD-HRmonomers-vaccinatedmice (Fig-

ure 2F). We also evaluated the neutralizing ability at different time

points among different vaccine groups. The data showed that

nAbs, which were elicited by nanoparticle vaccines, definitely

occurred at four weeks post priming (before boost vaccination),

indicating that prime-only nanoparticle vaccination strategy could

be enough to elicit sufficient nAbs against SARS-CoV-2 (Fig-

ure 2G). Although monomer vaccines also elicited nAbs for

authentic viruses at four weeks post prime vaccination, they did

not significantly increase after boost vaccination before week 8.

These results indicated that nanoparticle vaccines elicited

enhanced responsed compared to monomer vaccines, both in

terms of nAbs titers and the time point nAbs appeared.

To evaluate whether nanoparticle vaccines induced strong

memory B cell responses, we euthanatized different vaccine-

immunized BALB/c mice at six weeks post boost vaccination.

Lymphocytes, which were isolated from spleen, were proceeded

to evaluation for memory phenotypes. Because we have found

that nanoparticle vaccines elicited higher titer of nAbs thanmono-

mer vaccines, we wondered whether the corresponding potent B

cell responsescould form immunologicalmemory, the typical phe-

nomenon of which was the generation of long-lasting memory B

cells (MBCs) (Akkaya et al., 2020; Palm and Henry, 2019; Sallusto

et al., 2010). We found that both RBD and RBD-HR nanoparticle

vaccines generated more RBD-specific IgG1+ and IgG2b+ ex-

pressing MBCs compared with monomers (Figures 2H, 2I, S3A,

and S3B). Based on our findings above, we concluded that nano-

particle vaccines induced higher humoral immune responses by

eliciting higher titers of nAbsandmoreRBD-specificMBCs,which

could provide persistent protective humoral responses.

Nanoparticle Vaccination Drives Type-1 T cell
Responses in BALB/c Mice
The S proteins of both SARS-CoV-2 and SARS-CoV have been

found to harbor multiple T cell immunogenic epitopes (Liu et al.,

2017; Mateus et al., 2020). To determine whether nanoparticle

vaccines also induced strong T cell responses, we analyzed

different T cell population within spleen of vaccinated mice by

both the enzyme-linked immune absorbent spot (ELISpot) and

intracellular cytokine staining (ICCS) assays. At six weeks post

boost vaccination, we found that RBD and RBD-HR nanoparticle

vaccines induced higher CD4+ and CD8+ central memory T

(CD62L+CD44+ Tcm) cells than monomer vaccines (Figures S3C

and S3D). CD4+ and CD8+ T cell responses were evaluated by

ICCS. We found that nanoparticle vaccines elicited more anti-

gen-specific, polyfunctional CD8+ T cells expressing IFN-g+,

IL-2+, and TNF-a+ than the monomer vaccines (Figures 3A, 3B,

3C, and S3G). Previous studies on SARS-CoV have revealed

that Type 1 T helper cell (Th1)-biased immune responses

enhanced protection against virus infection, whereas Th2-biased
(H and I) The percentages of RBD-specific IgG1+ and IgG2b+ MBCs (CD19+B

conducted independently in triplicates. Data represented as mean ± SEM. Adjus

parisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figures S2 and S3.
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immune responses induced vaccine-associated enhanced respi-

ratory disease (VAERD) (Graham, 2020; Tseng et al., 2012). We

measured the percentages of IFN-g+ CD4+ T cells (Th1-biased

cells) and IL-4+ CD4+ T cells (Th2-biased cells) by ICCS across

different vaccine groups (Figures 3D and 3E).We found that nano-

particle vaccines induced higher Th1-biased IFN-g+ CD4+ T cells

than monomer vaccines (Figure 3D). The percentages of Th2-

biased IL-4+ CD4+ T cells were no different across different

groups (Figure 3E). These T cell responseswere further confirmed

by ELISpot assay (Figure 3F and 3G), indicating that RBD and

RBD-HR nanoparticle vaccines were also able to induce strong

and safe T cell immune responses apart from B cell responses.

Nanoparticle Vaccines Induce Potent Antigen
Presentation and T cell–B cell Coordination
Our above results showed that nanoparticle vaccines were supe-

rior tomonomer vaccines in both humoral and cellular immune re-

sponses. Previous report showed that nanoparticle vaccines are

able to efficiently drain and accumulate to lymph nodes to

enhance immune processing (Chattopadhyay et al., 2017). Nano-

particle vaccines were easier captured by dendritic cells (DCs)

and macrophages, which facilitated T follicular helper (Tfh) cells

and B cells coordination (Kelly et al., 2020; Wang et al., 2020c).

To further elucidate how a nanoparticle vaccine is recognized

and processed by the host immune system, we conducted

several DC and macrophage antigen presentation experiments.

We constructed RFP-tagged RBD monomers and RFP-tagged

RBD-Ferritin nanoparticles to benefit antigen tracking. Equal

moles of both antigens were subcutaneously injected to six

BALB/c mice. 4 h post injection, inguinal lymph nodes were iso-

lated, followed by obtaining DCs (B220-CD11chiMHC-II+) and

macrophages (B220-CD11b+F4/80-CD169+) (Figures 4A and

S3H). We found that the percentages of RFP-tagged RBD-

Ferritin-containing DCs and macrophages were significantly

higher than RFP-tagged RBD monomer-containing cells, which

indicated the preferential capture of nanoparticle vaccines by

DCs and macrophages (Figures 4B and 4E). The immunostaining

of lymph nodes showed that RFP-tagged RBD-Ferritin antigens

were significantly co-localizedwithmacrophages in themedullary

region (Figure 4F). We further verified the preferential capture of

nanoparticle vaccines by DCs and the antigen presentation effi-

ciency in healthy primary human cells in vitro (Zhang et al.,

2020b) (Figure 4G). Mature DCs were induced from primary

monocytes and then loaded with equal moles of RBD or RBD-

Ferritin, followed by co-cultured with autologous CD8+ T cells. S

protein-specificCD8+ T cellswere analyzedbyELISpot. The result

showed that RBD-Ferritin-incubated DCs were able to induce

more IFN-g-specific CD8+ T cells than RBD-monomer-incubated

cells, which indicated that the nanoparticle antigen was much

easier than the monomer antigen to be captured and presented

by DCs, which potently activated CD8+ T cells (Figure 4H).

To verify whether nanoparticle vaccines were also easier to be

captured and presented to CD4+ T cells, we euthanatized vacci-

nated BALB/c mice ten days post vaccination and evaluated the
220+CD38+) within spleen of each vaccine group (n = 4). Experiments were

ted p values were calculated by one-way ANOVA with Tukey’s multiple com-
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Figure 3. T Cell Immune Responses in Nanoparticles Vaccinated BALB/c Mice

(A–C) BALB/c mice were euthanized at six weeks post boost vaccination. Splenocytes were incubated with SARS-CoV-2 S peptides pool. The percentages of

IFN-g+, IL-2+ and TNF-a+ CD8+ T cells were determined by ICCS.

(D and E) Splenocytes were stimulated with S peptide pool as in (A). The percentages of IFN-g+ and IL-4+ CD4+ T cells were determined by ICCS.

(F and G) Splenocytes were stimulated with S peptide pool. ELISpot assays were conducted for IFN-g and IL-4 secretion in splenocytes. Experiments were

conducted independently in triplicates. Data represented as mean ± SEM (n = 4). Adjusted p values were calculated by one-way ANOVA with Tukey’s multiple

comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S3.
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percentages of different lymphocytes. We found that compared

with monomers, nanoparticle vaccines elicited significant in-

crease of activated (CD69+) and antigen-experienced (CD62L-

CD44+) CD4+ T cells (Figures S3E and S3F). Importantly, we

found that the percentages of Tfh and germinal center (GC) B

cells within spleen were significantly higher in nanoparticle-

vaccinated mice than in monomer-vaccinated mice (Figures 4I

and 4J). These results indicated that nanoparticle vaccines,

especially RBD-HR chimeric nanoparticle vaccines, induced

higher amounts of Tfh and GC B cells which coordinated to facil-

itate B cell maturation. Taken together, our results indicated that

antigens associated with ferritin nanoparticle were more effi-

ciently captured by DCs and macrophages compared with

monomers, thereby enabling more effective antigen presenta-

tion and T-B cross talking in lymph nodes.

Nanoparticle Vaccines Induce Cross-Reactivity of Both
Antibodies and T Cell Responses
In our alignment data, we found that HR was highly conserved

across different coronaviruses (Figure S1). Both HR-containing

monomers and HR-Ferritin-containing nanoparticles were able
to induce high titers of HR-specific antibodies (Figures 2C, 2E

and S2B). We hypothesize that HR-containing nanoparticles

may also induce sufficient nAbs to neutralize other coronavi-

ruses apart from SARS-CoV-2. We constructed an HR nanopar-

ticle which contained 100% HR-Ferritin, and vaccinated mice

with HRmonomers or HR nanoparticles. Two weeks post boost,

the serum of different groups was collected and used to

neutralize the authentic SARS-CoV-2. The result showed that

HR was able to induce nAbs, which were able to neutralize

authentic viruses at 1:100 dilution (Figure 5A). HR nanoparticle

vaccines induced higher nAbs than monomer (Figure 5A). We

next investigated whether HR-containing vaccines induced

nAbs that could neutralize other coronaviruses. We found that

RBD-HR nanoparticle vaccines induced higher nAbs against

pseudotyped SARS-CoV, MERS-CoV, HCoV-229E, HCoV-

OC43, and RATG13, compared with monomer-induced nAbs

(Figures 5B and 5F). As HR contained many T cell epitopes

that could induce potent T cell responses, we next tried to inves-

tigate whether HR-containing nanoparticle vaccine-induced

T cell responses were reactivated by other coronaviruses. We

found that RBD-HR nanoparticle vaccine-induced T cell
Immunity 53, 1315–1330, December 15, 2020 1321
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Figure 4. Potent Antigen Presentation and T-B Coordination Induced by Nanoparticle Vaccines
(A) Schematic of in vitro DC and macrophage antigen internalization experiment. Six C57BL/6 mice were subcutaneously injected with equal moles of RFP-

tagged RBD and RFP-tagged RBD-Ferritin, both proteins were adjuvanted with SAS adjuvant. 4 h post injection, inguinal lymph nodes from both sides were

(legend continued on next page)
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responses, which was represented by the IFN-g-secreting sple-

nocytes, were more significantly reactivated by hCoV-OC43 S

peptides pool, compared with RBD nanoparticle vaccine-

induced T cell responses (Figure 5G). However, the a-coronavi-

rus hCoV-229E S peptides pool reactivated similar IFN-g-

secreting splenocytes (Figure 5H). These results indicated that

HR-containing nanoparticle vaccine-elicited higher titers of

nAbs and more potent T cell responses potentially cross reacti-

vated with other b-coronaviruses.

Nanoparticle Vaccines Protect Against SARS-CoV-2
Infection in hACE2 Mice
To further investigate the immunogenicity and protection ability

of nanoparticle vaccines against SARS-CoV-2, we immunized

transgenic hACE2 mice which expressed humanized ACE2 re-

ceptors with RBD-HR monomers, RBD nanoparticles, and

RBD-HR nanoparticles, respectively, followed by the challenge

of authentic SARS-CoV-2 (Figure 6A). We found that both RBD

and RBD-HR nanoparticles vaccines induced higher titers of

RBD-specific IgG than RBD-HR monomer vaccine (Figures

6B and S4A). Both RBD-HR monomer vaccines and RBD-HR

nanoparticle vaccines produced similar titers of HR-specific

IgG (Figures 6C and S4B). Both RBD and RBD-HR nanoparticle

vaccines induced high titers of ferritin-specific antibodies (Fig-

ures S4C and S4D). To evaluate whether the induced anti-

bodies could neutralize the authentic SARS-CoV-2, we incu-

bated the serum from vaccinated mice with authentic viruses.

The serum and virus mixture was then incubated with Vero E6

cells. The efficiency of infection was determined by FRNT

assay. We found that the neutralizing antibodies titers of nano-

particle vaccine groups, which were represented by FRNT50,

were 100-fold higher than the monomer vaccine group (Fig-

ure 6D). The FRNT50 titers of both RBD and RBD-HR nanopar-

ticles groups were over 2.5 3 104.

All the prime-boost-immunized mice were intranasally chal-

lenged with 4 3 104 FFU authentic SARS-CoV-2 at two weeks

post boost vaccination and euthanized one week post chal-

lenge. Viral RNAs of lungs as well as the other ten tissues

(myocardium, liver, spleen, kidney, cerebrum, intestine,

bladder, blood, lymph node, and testis or ovary) were detected

with quantitative RT-PCR. We found that the SARS-CoV-2 viral

RNA copies in lungs of adjuvant-only-vaccinated mice (Mock

group) were quite high (5 3 107 copies per ml) at one week

post challenge (Figure 6E). A low amount of residual viral
obtained and proceeded to FCM analysis to determine the percentages of RF

80-CD169+). (B-E) The FCM results of RFP-positive DCs and macrophages.

(B) and (D) represented the typical FCM figures.

(C) and (E) represented the statistical graphs of the FCM results (n = 8 for DCs, n

(F) Cryosections of inguinal lymph nodes were immunostained with antibodies

particles. The blue staining indicated DAPI-stained nuclei. Scale bars in the upper

(G) Schematic of in vitro DC antigen presentation experiments. PBMCs were ha

Mature DCs were induced and then loaded with RBD or RBD-Ferritin antigens

conducted for IFN-g CD8+ T cells.

(H) ELISpot results of in vitro DC antigen presentation experiment in three health

(I and J) BALB/c mice were immunized with different vaccines. Ten days pos

CXCR5+PD-1+) and GC B cells (CD19+B220+CD95+ GL7+) were determined by

represented as mean ± SEM. P values in (C), (E), and (H) were calculated by Stud

with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S3.
RNA was detected in the lungs of mice inoculated with RBD-

HR monomer vaccine. Surprisingly, no viral RNA was detected

in lungs of both RBD nanoparticle vaccine and RBD-HR nano-

particle vaccine groups, which indicated that RBD- and HR-

based nanoparticle vaccines protected hACE2 mice against

SARS-CoV-2 infection (Figures 6E and S4E). Histopathological

analysis of lungs indicated that SARS-CoV-2 challenge induced

severe lung lesions, which were characterized by thickened

alveolar septa and the infiltration of inflammatory cells (Fig-

ure 6F). Nevertheless, all the lungs of monomer- and nanopar-

ticle-vaccinated mice showed no pathological changes. Immu-

nohistochemical assays against SARS-CoV-2 nucleocapsid (N)

proteins revealed that the lungs of adjuvant-only-vaccinated

mice were densely distributed with N-expressing cells, the phe-

nomenon of which was not seen in any vaccine-immunized

mice (Figure 6F). We also evaluated the pathological changes

in other tissues and found that no lesion was seen in any tis-

sues of vaccinated mice, which also indicated that vaccination

by our RBD-HR monomer and corresponding nanoparticle was

potentially safe (Figure S5A).

Previously, potential concerns on antibody-dependent

enhancement (ADE) of infection by viral specific antibodies

have been raised during flaviviruses (zika virus and dengue vi-

rus) and coronavirus (SARS-CoV-1) vaccine development (Liu

et al., 2019; Shim et al., 2019; Smatti et al., 2018; Wan et al.,

2020). In contrast to neutralizing antibodies, some non-neutral-

izing antibodies which mediated ADE promoted viral pathogen-

esis by infecting target cells through FcgRI/II-mediated phago-

cytosis. To evaluate whether antibodies elicited by nanoparticle

vaccines could mediate ADE of SARS-CoV-2 infection, we

mixed serially diluted serum from vaccinated mice with pseu-

dotyped SARS-CoV-2 S/HIV-1 viruses, followed by incubating

serum/virus mixtures with mouse FcgRI- and FcgRII-express-

ing HEK293T cells. The efficiency of infection was determined

by pseudotyped virus neutralization assays. Similar system

has been used to verify the safety of other SARS-CoV-2 vac-

cines (Laczkó et al., 2020; Quinlan et al., 2020). We found that

no ADE of infection by any diluted serum was observed (Fig-

ure 6G). To verify the reliability of mFcgRI/II-HEK293T cell sys-

tem, we also incubated serially diluted serum from ZIKV-in-

fected mice with pseudotyped ZIKV S/HIV-1 virus. The serum

and virus mixtures were then incubated with mFcgRI/II-

HEK293T cells to determine the efficiency of infection. The re-

sults showed that anti-ZIKV serum from ZIKV-infected mice
P-positive DCs (B220-CD11chiMHC-II+) and macrophages (B220-CD11b+F4/

= 10 for macrophages).

against CD11b. RFP-positive cells indicated RFP-tagged RBD-Ferritin nano-

panel represented 200 mm. Scale bars in the lower panel represented 100 mm.

rvested from three healthy individuals and proceeded to monocyte isolation.

, followed by co-culture with autologous CD8+ T cells. ELISpot assays were

y donors (n = 3 for Donor1 and Donor 2, n = 4 for Donor 3).

t immunization, mice were euthanized. The percentages of Tfh cells (CD4+

FCM (n = 3). Experiments were conducted independently in triplicates. Data

ent’s t test. Adjusted p values in (I) and (J) were calculated by one-way ANOVA
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Figure 5. Cross Reactivity of Nanoparticle Vaccine-induced Antibodies and T Cell Responses

(A) Six BALB/c mice within each group were prime-boost-immunized with Ferritin core, HR monomer and HR-Ferritin nanoparticle, respectively. Serum was

collected two weeks post boost vaccination and incubated with authentic SARS-CoV-2, followed by incubating with Vero E6 cells. The FRNTspots in 1:100

dilution were plotted for each group (n = 6).

(B–F) Cross-neutralization of serum of immunized BALB/c was detected with pseudotyped-CoVs which contained SARS-CoV, MERS-CoV, HCoV-229E, HCoV-

OC43, and RATG13 (n = 3). Neutralizations at dilution of 1: 30 of serum were shown.

(G andH) Splenocytes of RBD andRBD-HR nanoparticle vaccines-immunizedmicewere incubatedwith hCoV-OC43S peptides pool and hCoV-229E S peptides

pool, respectively. ELISpot assay was conducted for IFN-g secretion in splenocytes. Experiments were conducted independently in triplicates. Data represented

asmean ± SEM. Adjusted p values in (A–F) were calculated by one-way ANOVAwith Tukey’s multiple comparisons test. P values in (G) and (H) were calculated by

Student’s t test. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 6. Protection of Nanoparticle Vaccines against SARS-CoV-2 in hACE2 Mice
(A) Schematic of hACE2 mice vaccination. Six mice within each group were prime/boost-vaccinated with different vaccines at week 0 and week 4. Two weeks

post boost, mice were challenged with authentic SARS-CoV-2. All mice were euthanized one week post challenge. Serumwas collected at week 0, 2, 4, 6, and 7.

(legend continued on next page)
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inducted robust ADE of infection, compared with serum from

naive mice (Figure 6H). Altogether, the ADE assays indicated

that viral specific antibodies which elicited by nanoparticle vac-

cines were neutralizing without enhancing infection, which

further confirmed that RBD- and HR-based nanoparticle vac-

cines were quite safe.

Nanoparticle Vaccines Exert Robust Immunogenicity in
Rhesus Macaques
To evaluate whether nanoparticle vaccines induced prophylactic

nAbs against SARS-CoV-2 in non-human primates, we immu-

nized rhesus macaques with RBD-HR monomer, RBD nanopar-

ticle and RBD-HR nanoparticle, respectively (Figure 7A). Nano-

particle vaccines also induced higher titers of RBD-specific

IgG than monomer vaccine in rhesus macaques, the phenome-

non of which have been seen in BALB/c mice and hACE2 mice

(Figures 7B and S6A). The titer of HR-specific IgG in RBD-HR

nanoparticle was also similar to that in RBD-HR monomers (7C

and S6B). Nanoparticle vaccines also induced notable titers of

ferritin-specific antibodies in rhesus macaques (Figures S6C

and S6D). We assessed nAbs of each immunized rhesus ma-

caque and found that both RBD and RBD-HR nanoparticles vac-

cines induced higher titer of nAbs against authentic viruses (Fig-

ure 7D and S6E) and pseudotyped SARS-CoV-2 S/HIV-1 viruses

(Figure S6F) than RBD-HRmonomers. The FRNT50 titers of both

RBD and RBD-HR nanoparticle groups were over 4.2 3 103,

which were 15-fold higher than RBD-HR monomers. Time

course analysis of nAbs in each monkey showed that significant

amount of nAbs against authentic viruses in nanoparticle-vacci-

nated monkeys appeared at two weeks post boost vaccination,

and persisted for at least three months (Figure 7E). We also

assessed T cell immune responses in monkey. We found that

nanoparticles vaccines induced higher percentages of IFN-g-

secreting cells within PBMCs (Figure 7F), whereas the

percentages of IL-4-secreting cells were similar across all the

vaccination groups (Figure 7G).

To evaluate the safety of nanoparticle vaccines, we constantly

conducted the physical examinations and measured blood

biochemical indexes for each vaccinated rhesus macaque. We

found that both prime/boost vaccinations of monomer and nano-

particle vaccines did not induce significant body temperature

change (Figure S6G). The fluctuations of body weight of vacci-

nated monkeys in each vaccination group were also within the

normal range (Figure S6H). All the serum biochemical parameters
(B and C) RBD-specific and HR-specific IgG antibodies titers of serum which c

reciprocal of the endpoint serum dilution (n = 6).

(D) Serum of each mice was 10-fold serially diluted and incubated with 500 FF

FRNTspots of each well were counted. FRNT50 of nAbs of each vaccine group w

half-maximal neutralizing dilution. The right panel showed the representatives of

(E) Viral RNA copies in lung of each mice were determined by qRT-PCR and plo

(F) HE staining and IHC against N proteins were evaluated in lungs of each mice

(G) Serum of each vaccination groups was 10-fold serially diluted andmixed with p

expressing HEK293T cells. The ADE was evaluated by measuring luciferase unit

(H) Sera of naive Ifnar1�/� mice and ZIKV-infected Ifnar1�/� mice were 10-fold s

incubated with mFcgRI/II-HEK293T cells. The luciferase units of each samples w

50 mm. Experiments were conducted independently in triplicates. Data represen

ANOVA with Tukey’s multiple comparisons test. Data in (G) were analyzed by two

were calculated by two-way ANOVA with Sidak’s multiple comparisons test. *p <

See also Figures S4 and S5.
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were normal across twelve weeks monitoring and showed no dif-

ference between different vaccination groups (Figure S7).We also

evaluated the potential ADE of infection by serum of vaccinated

rhesusmacaques. Serially diluted serumwasmixed with pseudo-

typed SARS-CoV-2 S/HIV-1 virus, followed by incubating with

monkey FcgRI- and FcgRII-expressing HEK293T cells. The

efficiency of infection was determined by pseudotyped virus

neutralization assays. The result showed that no enhanced infec-

tion by serum of RBD-HR monomers, RBD nanoparticles and

RBD-HRnanoparticles vaccinatedmicewas observed in any dilu-

tion (Figure 7H). These results indicated that RBD and RBD-HR

nanoparticle vaccines were potentially safe and did not cause se-

vere side effects measured by both physical examinations and

blood biochemical parameters as well as ADE of infection.

DISCUSSION

In this report, we designed and evaluated two vaccines using

ferritin nanoparticles conjugated with RBD or RBD-HR subunits.

Both nanoparticle vaccines were able to induce abundant RBD-

or HR-specific antibodies. RBD-specific antibodies of nanopar-

ticle-vaccinated animals significantly aborted RBD-mediated

hACE2 binding. Further neutralizing assays showed that nano-

particle vaccine-induced nAbs were significantly higher than

monomer vaccine-induced nAbs. The nAbs induced by RBD-

HR nanoparticles also neutralized other coronaviruses. The

high titers of nanoparticle vaccines-induced nAbs enabled

hACE2-mice totally free of SARS-CoV-2 infection upon authentic

virus challenge. In addition, we found that nanoparticle vaccines

induced higher percentages of cytotoxic CD8+ T cells secreting

IFN-g, IL-2 and TNF-a compared to monomer vaccines, which

indicated that nanoparticle vaccines were also able to activate

strong T cell immune responses to eliminate the possibly in-

fected cells. The nanoparticle vaccines induced strong

protective Th1-biased responses without generating Th2-biased

immune responses which may induce VAERD.

In comparison with other strategies to develop SARS-CoV-2

vaccine, nanoparticle vaccines were more easily captured and

presented by DCs and macrophages. The digested antigens

were then presented to CD8+ T cells, which induced more

IFN-g-specific CD8+ T cells. As a result, nanoparticle vaccines

exert quick response of RBD- and HR-specific neutralizing an-

tibodies and induced a higher amount of RBD-specific IgG1

and IgG2b memory B cells. The high percentage of memory
ollected at week 6 were determined by serial dilution and represented as the

U of authentic SARS-CoV-2, followed by incubating with Vero E6 cells. The

as determined by FRNT and represented as IC50 which was the reciprocal of

FRNTspot wells within 1:100 and 1:1000 dilution groups.

tted as log10 copies per ml.

.

seudotyped SARS-CoV-2, followed by incubating with mFcgRI- andmFcgRII-

s of each samples.
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ere measured 48 h post infection to evaluate ADE. Scale bar in (F) represented

ted as mean ± SEM. Adjusted p values in (B–E) were calculated by one-way

-way ANOVA with Tukey’s multiple comparisons test. Adjusted p values in (H)

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7. The Immunogenicity of Nanoparticle Vaccines in Rhesus Macaques

(A) Schematic of rhesus macaque vaccination. Twelve monkeys were prime-boost-vaccinated with RBD-HR, RBD nanoparticle and RBD-HR nanoparticle,

respectively. Serum was collected every two weeks.

(B and C) RBD-specific and HR-specific IgG antibodies titers of serum which collected at week 6 were determined by serial dilution (n = 4).

(D) Serum of each monkey was 10-fold serially diluted and incubated with 500 FFU of authentic SARS-CoV-2, followed by incubating with Vero E6 cells. The

FRNTspots of each well were counted. FRNT50 of nAbs of each vaccine group was determined by FRNT and represented as IC50 which was the reciprocal of

half-maximal neutralizing dilution (n = 4). The right panel showed the representatives of FRNTspot wells within 1:100 and 1:1000 dilution groups (n = 4).

(E) FRNTspots of serum at each time point in 1:100 and 1:1000 dilutions.

(F and G) PBMCs of 12 vaccinated monkeys and 4 even-aged mock monkeys were collected at week 10 and incubated with S peptides pool. ELISpot assay for

IFN-g and IL-4 in PBMCs.

(H) Serum of each vaccinated monkey was 10-fold serially diluted and mixed with pseudotyped SARS-CoV-2, followed by incubating with monkey FcgRI- and

monkey FcgRII-expressing HEK293T cells. The ADE of each serum was evaluated by measuring the luciferase units of each sample. Experiments were con-

ducted independently in triplicates. Data represented asmean ±SEM. Adjusted p values in (B–D) and (F) and (G) were calculated by one-way ANOVAwith Tukey’s

multiple comparisons test. Data in (H) were analyzed by two-way ANOVAwith Tukey’smultiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figures S6 and S7.
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B cells in nanoparticle vaccine-immunized mice indicated that

nanoparticle vaccines could induce durable humoral immune

responses. In addition, small portions of S1 or S2-derived im-

munogens, rather than full-length S protein, exhibited by nano-

particle vaccines not only induce potent immune response, but

also minimize the risk to induce ADE. Indeed, we did not find

any evidence of ADE in both hACE2 mice model and rhesus

macaque model. These results indicated that our vaccine strat-

egy potentially improves the safety. Moreover, unlike other

nanoparticle-derived vaccine harboring artificial materials, all

the components of our nanoparticle are from nature and of

high safety. Although the ferritin 24-mer core also induced

ferritin-specific antibodies, the titers of RBD- or HR-specific an-

tibodies were not significantly influenced. It is unlikely that

H. pylori ferritin and its antibody is of obvious toxicity in vivo,

as there have been two H. pylori ferritin-based influenza nano-

particle vaccines which finished or under clinical evaluations

(NCT03186781, NCT03814720) and no severe side effect has

been reported.

A special design for our vaccine is to add the HR subdomain

in the S2 region of S protein. The homology analysis of HR re-

gion among coronaviruses indicated that HR is highly conser-

vative in the evolutionary history of coronaviruses, especially

b-coronaviruses. HR also had the potential to induce neutral-

izing responses (Ravichandran et al., 2020). Our nanoparticle

contained HR antigens, which enabled nanoparticle vaccines

to elicit substantial amount of HR-specific nAbs. Cross-neutral-

izing experiments showed that HR-containing nanoparticle

vaccine-elicited nAbs were also able to neutralize more other

coronaviruses, which indicated that utilizing HR as potent anti-

gen to elicit nAbs could provide cross-protection against more

other coronaviruses. HR region also harbors many cross-reac-

tive SARS-CoV-2 CD4+ and CD8+ T cell epitopes (Ahmed et al.,

2020; Grifoni et al., 2020a; Grifoni et al., 2020b; Mateus et al.,

2020). We found that RBD-HR nanoparticle induced higher per-

centages of Tfh and B cells within germinal centers, as well as

higher percentages of RBD-specific IgG1 and IgG2b memory B

cells. As B cell maturation relies on the coordination with Tfh

cells, it is possible that CD4+ T cell epitopes within HR antigen

facilitated Tfh cells to recognize and select antigen-specific B

cells with high affinity, facilitating the maturation of plasma

cells. Although HR-elicited nAbs were not high as those elicited

by RBD, the cross-reactivity of HR-induced humoral and T cell

immune responses against variable coronaviruses and the sub-

stantial contribution to T-B cell coordination motivate us to

construct and evaluate coronavirus universal vaccines in the

future.

Immunization with safe and efficient vaccines to achieve full

protection against SARS-CoV-2 infection is urgently needed.

The RBD and RBD-HR-based nanoparticle vaccines described

here are of significant immunogenicity, high protection effi-

ciency, broad spectrum, and potential safety. In addition, the

generation of these nanoparticles is quite convenient. Two or

three protein units can be expressed from CHO-S cells or

E.coli in a large scale. After the expression and purification, these

recombinant proteins can bemixed and automatically covalently

conjugate each other to form a nanoparticle without any special

enzyme and buffer. Further, no special biosafety environment

concern is required for these manufacture procedures. There-
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fore, these nanoparticle vaccines merit being further evaluated

in a Phase I-II clinical trial.

LIMITATIONS OF STUDY

Our nanoparticle vaccines study has some limitations. Although

we have assessed the prophylactic effect of nanoparticle vac-

cines in SARS-CoV-2-challenged hACE2 mice, which could

potentially mimic the prevention of vaccines for human, we

have not evaluated the protection of nanoparticle vaccines

against SARS-CoV-2 infection in non-human primates because

of time and resource limitations. Besides, we have not tested

the dose-dependent of ferritin-based nanoparticle vaccines.

The dose which we used in our study was only based on the

widely used monomer dose. As nanoparticle vaccines induce

higher titers of nAbs than monomers, the vaccination dose of

nanoparticles vaccines to induce sufficient nAbs could be lower.

Nevertheless, it is still necessary to test the possible toxicity of

nanoparticle vaccines at higher dose to ensure their safety.

Moreover, we lack serum samples of SARS-CoV-2-infected pa-

tients to conduct FRNT50 assay, the data of which should allow a

better sense of how the FRNT50 titers reported here correlate to

other neutralization data reported to date.
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E.coli BL21 Takara Cat#9126

SARS-CoV-2 This paper hCoV-19/CHN/SYSU-IHV/2020 strain;

GISAID: EPI_ISL_444969
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Serum samples from BALB/c mice This paper N/A

Serum samples from hACE2 mice This paper N/A
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Lung samples from hACE2 mice This paper N/A

Blood samples from healthy individuals Guangzhou Blood Center, Guangzhou http://www.gzbc.org/
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ThermoFisher Cat#D1306
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Invitrogen Cat#65-0865
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Takara Cat#9030

Ni Sepharose excel GE Healthcare 17-3712-01

Sigma adjuvant System (SAS) Sigma-Aldrich Cat#S6322
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Invitrogen Cat#88-8824
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ELISA Stop Solution Solarbio C1058

eBioscience TMB Solution eBioscience Cat#00-4201
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TrueBlue HRP Substrate KPL 50-78-02

Paraformaldehyde Sigma-Aldrich P6148; CAS30525-89-4

Penicillin-Streptomycin, Liquid ThermoFisher Cat#15140122

Fetal Bovine Serum (FBS) ThermoFisher Cat#10270-106

Biotin-Protein Ligase / BirA Enzyme GeneCopoeia BI001

Brilliant Violet 421 Streptavidin BioLegend Cat#405225

Recombinant SC-Ferritin protein This paper N/A

Recombinant ST-RBD protein This paper N/A

Recombinant ST-HR protein This paper N/A

SARS-CoV-2 Spike Glycoprotein

Peptides Pool

GenScript Cat#RP30020

HCoV-OC43 Spike glycoprotein

Peptides Pool

GenScript Cat#RP30011

HCoV-229E Spike Glycoprotein

Peptides Pool

GenScript Cat#RP30010

Recombinant Human GM-CSF PeproTech Cat#300-03

Recombinant Human IL-4 PeproTech Cat#200-04

Recombinant Human TNF-a PeproTech Cat#300-01A

Recombinant Human IL-2 PeproTech Cat#200-02

Recombinant Human IL-10 PeproTech Cat#200-10

Critical Commercial Assays

RNeasy Mini Kit QIAGEN Cat#74104

SARS-CoV-2 RNA detection kit (PCR-

Fluorescence Probing)

Da An Gene Co. DA0931

Monkey IFN-g ELISPOT kit MabTech 3421M-4AST-2

Monkey IL-4 T cell ELISPOT kit U-Cytech Cat#CT128-PR2

Mouse IFN-g ELISPOT kit Dakewe Cat#2210005

Mouse IL-4 precoated ELISPOT kit Dakewe Cat#2210402

Human IFN-g precoated ELISPOT kit Dakewe Cat#2110005

Pierce Rapid Gold BCA Protein Assay Kit ThermoFisher Cat#A53225

Luciferase Assay System Promega Cat#E4550

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Cell Lines

HEK293T ATCC CRL-3216; RRID: CVCL_0063

HeLa ATCC CCL-2; RRID: CVCL_0030

Vero E6 ATCC CRL-1586; RRID:CVCL_0574

FreeStyle CHO-S cells Invitrogen Cat#R800-07

Experimental Models: Organisms/Strains

Transgenic hACE2 mice (C57BL/6) GemPharmatech Co, Ltd N/A

C57BL/6 mice Guangdong Medical Laboratory

Animal Center

N/A

BALB/c mice Guangdong Medical Laboratory

Animal Center

N/A

Rhesus macaques Guangdong Landau Biotechnology

Co, Ltd

N/A

IFNaR�/� mice (C57BL/6) Jackson Laboratory N/A

Oligonucleotides

SARS-CoV-2 nucleocapsid (N) qPCR

Forward Primer:50-
CAGTAGGGGAACTTCTCCTGCT-30

Da An Gene Co. DA0931

SARS-CoV-2 nucleocapsid (N) qPCR

Reverse Primer:50-
CTTTGCTGCTGCTTGACAGA-30

Da An Gene Co. DA0931

SARS-CoV-2 nucleocapsid (N) Probe: 50-
FAM-CTGGCAATGGCGGTGATGCTGC-

BHQ1-30

Da An Gene Co. DA0931

Recombinant DNA

pET28a-SC-Ferritin-6His This paper N/A

pcDNA3.1-SP-ST-RBD-6His This paper N/A

pcDNA3.1-SP-ST-HR-6His This paper N/A

psPAX2 Dr. Didier Trono Addgene Plasmid #12260

pHIV-Luciferase Dr. Bryan Welm Addgene Plasmid #21375

SARS-CoV Spike Gene Dr. Wenlin Huang GenBank: AAP13567.1

MERS-CoV Spike Gene Dr. Shibo Jiang GenBank: AFS88936.1

HCoV-229E Spike Gene ORF cDNA clone

expression plasmid

Sino Biological Cat# VG40605-CF; GenBank: APT69883.1

HCoV-OC43 Spike Gene ORF cDNA clone

expression plasmid

Sino Biological Cat# VG40607-CF; GenBank: AVR40344.1

RATG13 Spike Gene This paper GenBank: QHR63300.2

Mouse CD64/FCGR1 ORF mammalian

expression plasmid

Sino Biological Cat#MG50086-ACR

Mouse CD32/Fc gamma RII/FCGR2 Gene

ORF cDNA clone expression plasmid

Sino Biological Cat#MG50030-ACG

Rhesus CD64/FCGR1 ORF mammalian

expression plasmid

Sino Biological Cat#CG90017-ACR

Cynomolgus CD32b/FCGR2B/Fc gamma

RIIB Gene ORF cDNA clone expression

plasmid

Sino Biological Cat#CG90014-ACG

Software and Algorithms

GraphPad Prism v8.0 software GraphPad https://www.graphpad.com/scientific-

software/prism/

BD LSRFortessa cell analyzer BD Biosciences http://www.bdbiosciences.com/in/

instruments/lsr/index.jsp

FlowJo v10 Tree Star https://www.flowjo.com/

(Continued on next page)
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Image Studio Lite v4.0 LI-COR Biosciences https://www.licor.com/bio/image-

studio-lite/

QuantStudio 7 Flex System ThermoFisher https://www.thermofisher.com/order/

catalog/product/4485701#/4485701

GloMax 96 Microplate Luminometer

Software v1.9.3

Promega https://www.promega.com/resources/

software-firmware/detection-instruments-

software/promega-branded-instruments/

glomax-96-microplate-luminometer/

SkanIt SW for Microplate Readers ThermoFisher https://www.thermofisher.com/order/

catalog/product/5187139?SID=srch-srp-

5187139

ImmunoSpot software v5.1.34 Cellular Technology Ltd http://www.immunospot.com/

ImmunoSpot-analyzers

Other

Superose 6 Increase 10/300 GL GE Healthcare 29091596

Amicon Ultra-15 Centrifugal Filter Unit Millipore UFC900396

Talos L120C microscope ThermoFisher https://www.thermofisher.com/cn/zh/

home/electron-microscopy/products/

transmission-electron-microscopes/talos-

l120c-tem-ls.html

Leica RM2235 Leica https://www.leicabiosystems.com/cn/

histology-equipment/microtomes/

products/leica-rm2235/

Olympus BX63 Olympus https://www.olympus-lifescience.com.cn/

zh/microscopes/upright/fluorescence/
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RESOURCE AVAILABILITY

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
The published article includes all datasets generated or analyzed during this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statements
The Ethics Review Board of Sun Yat-sen University approved this study. Blood samples of healthy participants were obtained from

Guangzhou Blood Center. We did not have any interaction with the healthy participants or protected information. Therefore, no

informed consent was required. Animal experiments were carried out in strict compliance with the guidelines and regulations of Lab-

oratory Monitoring Committee of Guangdong Province of China, and were approved by 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 (Assur-

ance Number: 2017-061) as well. Non-human primates experiments were approved by the Institutional Animal Care and Use Com-

mittee (IACUC) of Guangdong Landau Biotechnology Co,Ltd. (IACUC Approval No: LDACU 20200216-01).

Cells and Viruses
HEK293T, HeLa and Vero E6 cells were obtained from ATCC. These adherent cells were cultured in DMEM supplemented with 1%

penicillin-streptomycin (ThermoFisher) and 10% FBS (ThermoFisher). Suspension FreeStyle CHO-S (Invitrogen R800-07) cells were
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maintained in Freestyle CHO medium (GIBCO) supplemented with 8 mM glutamine (ThermoFisher) and 1% penicillin-streptomycin

(ThermoFisher), incubated in polycarbonate vent-cap Erlenmeyer shaker ñask under 37�C, 8% CO2 and 120 rpm speed in orbital

shaker. The cell viability was maintained > 95% before transfection and the passage number were controlled to be less than 30 gen-

erations. Peripheral blood mononuclear cells (PBMCs) and primary CD8+ T cells were isolated and purified from study participants

and cultured in RPMI 1640 supplemented with 1% penicillin-streptomycin and 10% FBS. Primary CD8+ T cells were supplied with 1/

1000�1/10000 recombinant human interleukin 2 (IL-2) (R&D) to maintain proliferation viability. Adherent cells, PBMCs and primary

CD8+ T cells were cultured in sterile incubator at 37�C and 5% CO2. All cells have been tested for mycoplasma utilizing PCR assay

and confirmed to be mycoplasma-free. SARS-CoV-2 (hCoV-19/CHN/SYSU-IHV/2020 strain; Accession ID on GISAID: EPI_

ISL_444969) was isolated from the sputum of a female infected individual and propagated in Vero E6 cells. ZIKV strain MR766 (Rhe-

sus/1947/Uganda) was a kindly gift from Dr. Bishi Fu. All the authentic SARS-CoV-2- and ZIKV-related experiments were conducted

in a BSL-3 facility.

Animal Models
Transgenic hACE2 mice (C57BL/6) were purchased from GemPharmatech Co,Ltd. The generation procedure was described as

below. hACE2 mice were generated via CRISPR/Cas9 system. First, sgRNA-targeting the mACE2 gene and donor vector with the

hACE2 and mACE2 chimeric CDS was designed and constructed in vitro. Subsequently, Cas9, sgRNA and donor vector were

co-injected into fertilized eggs of C57BL/6 mice for homologous recombination. Positive F0 mice were obtained and identified by

PCR and sequencing analysis. Two primer pairs were used for genotyping: 50-AAGTGGCTCCTCTCTTACACTCTGG-30 and 50-CAG
CCAGGTAAATAAGGGCTCAAAG-30 for the detection of 5¢homology recombination, and 50-ATGAAGGCCCTCTGCACAAATGT-30

and 50-CCAATATCTCTGACCTTCATGGGC-30 for the detection of 3¢homology recombination. The stable inheritable positive F1 het-

erozygous mice model was obtained by mating F0 mice with C57BL/6 mice. Specific-pathogen-free (SPF) 5-6-week old female

BALB/c mice were purchased from Guangdong Medical Laboratory Animal Center. All mice were housed and vaccinated in SPF

facilities at Laboratory Animal Center of Sun Yat-sen University. Twelve adult rhesus macaques (6 male, 6 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 Laboratory Monitoring Committee of Guangdong Province of China.

METHOD DETAILS

Protein Expression and Purification
SC-Ferritin was expressed and purified from Escherichia coli (E.coli). Briefly, DNA sequences of 6 3 His-tagged SC-Ferritin were

cloned to pET28a vector. The construct was transformed into BL21 (Takara). Single clone was amplified in LB with kanamycin at

37�C while shaking. Bacteria solution was added with isopropyl b-D-1thiogalactopyranoside (IPTG) (Takara) to induce protein

expression. Another 18 h post induction, protein-expressing bacteria were harvested and lysed by sonication. The supernatants

were incubated with Ni-NTA agarose (GE Healthcare) to enrich His-tagged SC-Ferritin, followed by protein elution with Imidazole-

containing Tris buffer. The purified proteins were concentrated and buffer-replaced with conventional Tris buffer. The concentration

of SC-Ferritin was determined by BCA assay. The bacterial endotoxins in nanoparticle were quantified by tachypleus amebocyte

lysate test (less than 10 EU/dose). Coomassie blue staining, western blotting against His an Ferritin, size-exclusion chromatography

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

ST-RBD and ST-HRwere expressed and purified fromCHO-S. Briefly, DNA sequences of 63His-tagged SP-ST-RBD and SP-ST-

HR were cloned to pcDNA3.1vector. SP-ST-RBD- and SP-ST-HR-expressing plasmids were transfected into CHO-S cells. Seven

days later, supernatants were collected and centrifuged to discard cellular debris. The cleared supernatants were passed through

Ni-NTA agarose to enrich His-tagged target proteins, followed by elution with Imidazole-containing Tris buffer. The purified proteins

were concentrated and buffer-replaced with conventional Tris buffer. The concentrations of ST-RBD and ST-HRwere determined by

BCA assay. Coomassie blue staining and western blotting against His were executed to confirm the purity.

Size-Exclusion Chromatography (SEC)
ST-RBD and ST-HR were incubated with SC-Ferritin in conventional Tris buffer, respectively. Twenty-four hours later, the ST/SC-

conjugated proteins were proceeded to size-exclusion chromatography (SEC). SC-Ferritin-only formed 24-mer nanoparticles and

were eluted in retention of 12 mL to 15 ml. RBD-Ferritin nanoparticles were eluted in retention of 11 mL to 14 ml. RBD and HR-

chimeric nanoparticles were eluted in retention of 8mL to 13ml. The elution of nanoparticle was concentrated, and the concentration

wasmeasured by BCA assay. Coomassie blue staining, western blotting against His tag and Ferritin, size-exclusion chromatography

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

Transmission Electron Microscopy (TEM)
Transmission electronmicroscopy (TEM)Grids of SC-Ferritin, RBD-Ferritin andRBD-HR-chimeric-Ferritin nanoparticleswereproceeded

to negative-stain electron microscopy in Shuimu BioSciences Ltd. Briefly, 5 mL of each samples (0.5 mg/ul) were applied to glow-dis-

charged electron microscopy grids covered by a thin layer of continuous film and stained with 2% uranyl acetate, followed by imaging

on Talos L120Cmicroscope (ThermoFisher) operating at an acceleration voltage of 120kV. Images were recorded at a magnification of

73,0003 and a defocus of 1.5 mm. The particles were manually picked and two-dimensional classification was performed with EMAN2.
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Animal Vaccination
For BALB/c vaccination, six BALB/cmicewere subcutaneously immunizedwith 10 mg dose of RBD-HR nanoparticle vaccines formu-

lated with Sigma Adjuvant System (SAS) adjuvant. Mice in the RBD nanoparticle group were immunized with equal moles of RBD-

Ferritin. The moles of RBD and HR in the RBD-HR monomers group were the same as RBD-Ferritin and HR-Ferritin in the RBD-HR

nanoparticle group, respectively. Mice in the RBD monomer group were immunized with equal moles of RBD as RBD-Ferritin in the

RBD-HR nanoparticle group. Mice in the Ferritin group were immunized with equal moles of ferritin which were the sum of RBD-

Ferritin and HR-Ferritin in the RBD-HR nanoparticle group. Equal volumes of adjuvant vaccinated mice were set as the mock group.

All the mice were vaccinated with the above vaccines in a prime/boost manner which was vaccinating mice at week 0 and week 4.

Serum was collected every two weeks. Mice were euthanized at week 10.

For hACE2 mice vaccination, all the mice were vaccinated as in BALB/c mice, except that there were no Ferritin-only group and

RBD-only group. Mice were challenged with authentic SARS-CoV-2 two weeks post boost vaccination and euthanized one week

post challenge. Serum were collected at week 0, 2, 4, 6 and 7.

For rhesus macaques vaccination, four monkeys were immunized with 50 mg of RBD-HR nanoparticle vaccine. Monkeys in the

RBD nanoparticle group were immunized with equal moles of RBD-Ferritin. The moles of RBD and HR in the RBD-HR monomers

group were the same as RBD-Ferritin and HR-Ferritin in the RBD-HR nanoparticle group, respectively. All monkeys were vaccinated

with corresponding vaccines via intramuscular injection at week 0 and week 4. Serum were collected every two weeks. All vaccines

were formulated with Sigma Adjuvant System (SAS) adjuvant.

Enzyme Linked Immunosorbent Assay (ELISA)
Recombinant ST-RBD, ST-HR and SC-Ferritin proteins were coated on high-binding 96-well plates at 2 ug/mL overnight at 4�C. After
washing with PBS, plates were blocked with 5% non-fat milk/PBS for 1 h. Immunized animal serum were serially diluted and added

into each well in duplicate followed by incubating at room temperature for 1 h. After washing with PBS/T (containing 1% Tween-20),

the detection of antigen-specific IgG antibody in serum of BALB/c, hACE2mice 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 incu-

bating for another 1 h. After washing with PBS/T, HRP substrate TMB solution (eBioscience) was added, followed by stopping re-

action with stop solution (Solarbio) after sufficient development. Absorption was measure at 450 nm. The data was analyzed using

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

Focus Reduction Neutralizing Test (FRNT)
Vero E6 cells were seeded in 96-well plates at a density of 23 104 cells per well. Cell-seeded plates were placed in cell incubator until

cells reached 90% to 100% confluent. Serum of BALB/c mice, hACE2 mice and rhesus macaques in each time point was 10-fold

serially diluted. Five hundred FFU of authentic SARS-CoV-2 viruses were mixed with the diluted serum in a ratio of 1:1. The

serum/virus mixture was incubated at 37�C for 1 h. Cell culture medium was removed from the 96-well plate, followed by the incu-

bating with virus/serum mixture. Plates were then incubated for 1 h at 37�C. The supernatant was removed and cells were overlaid

with DMEM medium containing 1.6% CMC. The 96-well plates were placed in incubator and incubated for 24 h.

On the next day, supernatant was removed completely. Cells in each well were fixed with 200 mL of 4% paraformaldehyde for 12 h

at 4�C. Fixation solution was removed, followed by washing with 200 mL PBS for 3 times. Cells were subsequently incubated with

100 mL of PBS containing 0.2% Triton X-100 and 1% BSA for 30 min. After washing with 200 mL of PBS for 3 times, cells were incu-

bated with 50 mL of diluted primary antibody against SARS-CoV-2 nucleocapsid (N) (Sino Biological) which was 1:1000 diluted with

PBS containing 1%BSA at 37�C for 1 h. After primary antibody incubation, cells within eachwell werewashed three timeswith 200 mL

of PBS/T (0.1% Tween-20). HRP-conjugated secondary antibody against rabbit IgG (Sino Biological) was 1:2000 diluted with PBS

containing 1%BSA and incubate with cells at 37�C for 1 h. The secondary antibody was removed and washed with 200 mL PBS/T for

3 times. After washing, 50 mL of TrueBlue (KPL) was added to each well and incubated for 5 min while shaking. The supernatant was

removed, followed by washing with ddH2O twice. The residual ddH2O was removed and imaged with ImmunoSpot microanalyzer.

The FRNT50 titer was defined as the reciprocal of serum dilution at which nAbs caused 50% inhibition of infection of cells. The

inhibition was represented by the decrease of number of SARS-CoV-2-infected cells in the sample wells compared to virus control

wells. Reduction rates of the serial dilution assay were analyzed by Graphpad Prism 8.0 using non-linear regression to measure the

FRNT50 titer.

Surface Plasmon Resonance (SPR)
The measurements of Ferritin, RBD monomers, RBD-Ferritin nanoparticles and RBD-HR_Ferritin nanoparticles 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 from GE Healthcare. The suitable pH value of 4.5 for hACE2 immobilization was determined. The CM5 censor chip

was activated and then injected with hACE2 (2 mg/mL, in 10 mM acetate buffer, pH 4.5) for 7 min. The residual activated groups

on the surfaces were blocked with an injection of ethanolamine HCl (1 M) for 7 min. Ferritin only nanoparticles, RBD only monomers,

RBD-Ferritin nanoparticles and RBD-HR-Ferritin nanoparticles were diluted into different concentrations and then injected (30 ml/

min). hACE2-bound protein was monitored for about 120 s for each protein. The dissociation time was 200 s with running buffer

per cycle. The association rate (‘on rate’, Ka) and dissociation rate (‘off rate’, Kd) were measured, followed by the calculating of equi-

librium dissociation constant (‘binding constant’, KD).
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Inhibition of RBD Binding to hACE2
Recombinant RBD proteins were covalently conjugated with an Avi-tag signal peptide (SP) at the C terminus. Subsequently, biotin

was ligated to Avi-tag with biotin-protein ligase BirA enzyme (GeneCopoeia), followed by incubating with BV421-tagged Streptavidin

(Biolegend). Target cells were incubated with RBD-BV421 to track RBD-specific or RBD-binding cells. hACE2-HeLa cell line was

generated through infecting HeLa cells with recombinant lentiviruses which expressing human angiotensin-converting enzyme 2

(hACE2). hACE2-positive cells were sorted by FACS. The expression of hACE2 was confirmed by western blotting. Serum of

immunized BALB/c mice, which was collected at week 6, was 1:100 diluted in PBS, and incubated with RBD-BV421 probe (2 ug/

mL), followed by incubating with hACE2-HeLa cells. Then cells were washed with PBS to remove unbound RBD probe. Two hours

post incubating, cells were resuspended to measure fluorescence by flow cytometry (BD LSRFortessa).

Pseudotyped Virus Neutralization Assay
The neutralizing antibodies of immunized animals serum against different coronaviruses were detected through pseudotyped virus

neutralization assays. Briefly, to generate lentivirus-based pseudotyped virus, HEK293T cells were co-transfected with a packaging

plasmid psPAX2 (Addgene), a luciferase-expressing plasmid pHIV-Luciferase (Addgene) and a plasmid expressing spike proteins of

several coronaviruses which including SARS-CoV-2 (isolate Wuhan-Hu-1, GenBank: QHD43416.1), SARS-CoV (isolate CUHK-W1,

GenBank: AAP13567.1), MERS-CoV (GenBank: AFS88936.1), HCoV-229E (GenBank: APT69883.1), HCoV-OC43 (GenBank:

AVR40344.1.) and RATG13 (GenBank: QHR63300.2). The expression plasmid of spike protein of SARS-CoV was a kindly gift

from Dr. Wenlin Huang (Sun Yat-sen University Cancer Center). The expression plasmid of spike protein of MERS-CoV was a kindly

gift fromDr. ShiBo Jiang (Fudan University). Six hours post transfection, culturemediumwas exchanged with fresh complete DMEM.

Cell supernatant which contained pseudotyped viruses was collected 48 h post transfection and filtered through a 0.45 mm filter. The

pseudotyped virus-containing supernatant was stored at �80�C and tested in titration assays to determine the dilution of pseudo-

typed virus in neutralization assays.

For detection of neutralizing antibody against pseudotyped SARS-CoV-2 and SARS-CoV, serially diluted serum of BALB/c mice

and rhesus macaques serum were mixed with viruses and incubated at 37�C, 5%CO2 for 1 h. The serum/virus mixtures were added

into wells containing 13 104 hACE2-HeLa cells and went on culturing for 48 h. Cells were lysed with lysis buffer (Promega) 48 h post

infection. The lysate was measured for relative luminescence units in luminometer (Promega). Serum neutralization antibody against

pseudotypedMERS-CoV, HCoV-229E andRATG13weremeasured as above, except that target cells were replacedwith Huh7 cells.

The neutralization titers of serum antibody against pseudotyped virus was analyzed using GraphPad Prism 8.0 software.

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

were challenged with authentic SARS-CoV-2 in BSL-3 facility. Littermates of the same sex were randomly assigned to un-infection or

infection groups. A SARS-CoV-2 strain, named as hCoV-19/CHN/SYSU-IHV/2020 (Accession ID on GISAID: EPI_ISL_444969), was

isolated from a female individual, and used to challenge mice. Mice were anaesthetized with isoflurane and inoculated intranasally

with 4 3 104 FFU of SARS-CoV-2 viruses. The lungs were collected at 6 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. Body weight, and survival rates of each mice were measured daily.

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
Different tissues of each mice, which included lung, myocardium, liver, spleen, kidney, cerebrum, intestine, bladder, blood, lymph

node, and testis or ovary, were collected and homogenized with gentleMACS M tubes (Miltenyi Biotec, 130-093-236) in a gentle-

MACS 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 the qRT-PCR to determine the viral RNA copies of different tissues

utilizing one-step SARS-CoV-2 RNA detection kit (PCR-Fluorescence Probing) (Da An Gene Co., DA0931). To generate a standard

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

RNAs for standards. Indicated copies of N standards were 10-fold serially diluted and proceeded to qRT-PCR utilizing the same

one-step SARS-CoV-2 RNA detection kit to obtain standard curves. The reactions were carried out on a QuantStudio 7 Flex System

(Applied Biosystems) according to the manufacturer’s instruction under the following reaction conditions: 50�C for 15 min, 95�C for

15 min, and 45 cycles of 94�C for 15 s and 55�C for 45 s. The viral RNA copies of each tissue were calculated into copies per ml

and presented as log10 scale. The N specific primers and probes were: N-F (50- CAGTAGGGGAACTTCTCCTGCT-30), N-R

(50-CTTTGCTGCTGCTTGACAGA�30) and N-P (50-FAM-CTGGCAATGGCGGTGATGCTGC-BHQ1-30). In each qRT-PCR experi-

ment, 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.

Splenocytes Isolation and Flow Cytometry
The spleenwas collected inPBSand homogenized through a 70mmstrainer, and incubated inACK lysis buffer to remove red blood cells

(RBCs), followed by passing through a 40 mm strainer to obtain single splenocytes. For the staining of T cell surface markers, cells were

stained with indicated fluorochrome-conjugatedmonoclonal antibodies for 30min within PBS containing 0.5%BSA on ice. LIVE/DEAD

Fixable Viability Dyes (Thermo) were used to gate live cells. The following indicated antibodies were used: anti-CD3 (UCHT1), anti-CD4
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(RPA-T4), anti-CD8 (OKT8), anti-CD44 (IM7), anti-CD62L (MEL-14), and anti-CD69 (H1.2F3). The gating strategies for splenocytes were

described in supplemental figures.

Intracellular Cytokine Staining (ICCS)
In order to quantify the percentages of antigen-specific T cells, approximately 1 million splenocytes were seeded into each well and

stimulated with SARS-CoV-2 S peptides pool, hCoV-OC43 S peptides pool and hCoV-229E S peptides pool (GenScript), respec-

tively. 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 (Topscience), 2 mM monensin (Topscience). DMSO was used as negative control. PMA/ionomycin was used

as positive control. After a total of 6 h, the LIVE/DEAD Fixable Viability Dyes (Thermo Scientific) was used to exclude dead cells

for analysis. Subsequently, cells were performed with a fixation/permeabilization kit (BD Biosciences). The following cytokine anti-

bodies were used: anti-IFN-g (XMG1.2), anti-TNF-a (MP6-XT22), anti-IL-2 (JES6-5H4), and anti-IL-4 (11B11). The percentages of

cytokine-specific splenocytes were analyzed by flow cytometry.

DC and Macrophage Studies
C57BL/6 mice were subcutaneously injected with 2 nmol of RFP-tagged RBD and 2 nmol of RFP-tagged RBD-Ferritin, respectively.

Both proteins were adjuvanted with SAS adjuvant. Four h post injection, inguinal lymph nodes of both sides were harvested and

gently minced using scissors in 1% FBS in PBS buffer. Then lymph nodes were digested with 0.5 mg/mL collagenase I (Sigma)

and 0.04 mg/mL DNase I (Roche) at 37�C for 1 h. Subsequently, cells were incubated in ACK lysis buffer to remove RBCs, followed

by passing through a 40 mm strainer to obtain single cells. The following antibodies were used for DC and macrophage experiments:

anti-B220 (RA3–6B2), anti-CD11c (N418), anti-CD11b (M1/70), anti-SIGNR1 (22D1), anti-CD169 (3D6.112), and anti-F4/80 (BM8).

The percentages of RFP-positive DCs and macrophages were analyzed by flow cytometry.

For immunofluorescence assay against antigen-specificmacrophages, lymph nodeswere fixedwith periodate–lysine–paraformal-

dehyde fixative buffer, followed by dehydrating in 30% sucrose twice before embedding in optimal cutting temperature compound

(Sakura) and snap frozen in liquid nitrogen. Ten mm of cryosections were prepared and blocked in FACS buffer containing 1 mg/mL

anti-FcgRmAb (2.4G2). Subsequently, cryosections were incubated with indicated antibodies against CD11b (M1/70). Images were

captured with Olympus BX63 microscope.

Antigen-Specific MBCs Detection
Splenocytes of vaccinated BALB/c mice were harvested at six weeks post boost vaccination. Splenocytes were incubated with ACK

lysis buffer to remove RBCs, followed by resuspending in cold media and immediately used for staining. Recombinant SARS-CoV-2

RBD was conjugated to BV421 as we described above. The following antibodies were used to identify antigen-specific memory B

cells (MBCs): anti-B220 (RA3–6B2), anti-IgG1 (Rat IgG), anti-IgG2a/2b (RMG2b-1), anti-CD38 (90). All flow cytometry data were ac-

quired on LSRFortessa (BD Biosciences) analyzed with FlowJo software.

In vitro Antigen Presentation
Peripheral blood mononuclear cells (PBMCs) derived from healthy donors were isolated from peripheral blood by Ficoll-Hypaque

gradient separation. PBMCs were resuspended in RPMI 1640 and allowed to adhere to plates at a final concentration of 5 3 106/

mL. One day later, non-adherent cells were gently removed. The left adherent cells were cultured in medium supplemented with

hGM-CSF (100 ng/mL, Peprotech) and hIL-4 (100 ng/mL, Peprotech) in 5% CO2 incubator at 37�C. Every two days, one-half of

the medium was replaced by fresh medium containing double concentration of hGM-CSF and hIL-4 as indicated above. Five

days later, 10 ng/mL recombinant human tumor necrosis factor (hTNF-a, Peprotech) was added to themedium to induce phenotypic

and functional maturation of DCs. Another two days later, DCs were pulsed with 10 mg/mL RBD or RBD-Ferritin at 37�C for 3 h before

use. 23 106 CD8+ T cells were co-cultured and stimulatedwith 23 105 autologous DCs in a 24-well plate in the presence of 10 ng/mL

recombinant human interleukin-2 (hIL-2; Peprotech). The next day, recombinant human IL-10 (Peprotech) was added to the culture

medium, to give a final concentration of 10 ng/mL. CD8+ T cells were re-stimulated each week in the same manner. Seven days after

the fourth round of re-stimulation, CD8+ T cells were harvested and stimulated with SARS-CoV-2 S peptides pool (GenScript) to

‘boost’ the antigen-specific CD8+ T cells. ELISpot assays against IFN-g were conducted.

Enzyme-Linked Immune Absorbent Spot (ELISpot) Assay
Indicated cells were cultured with SARS-CoV-2 S peptides pool (GenScript) at a concentration of 2 mg/well for 18-24 h. Antigen spe-

cific cells of monkeys, BALB/c mice and human PBMCs were detected by Monkey IFN-g ELISPOT kit, Monkey IL-4 ELISPOT kit,

mouse IFN-g ELISPOT kit, mouse IL-4 ELISPOT kit and Human IFN-g ELISPOT kit (Dakewe) according to the manufacturer’s pro-

tocol. Antigen-specific spots were then counted using an S6 ultra immunoscan reader (Cellular Technology Ltd.), and the number of

IFN-g- or IL-4-positive T cells was calculated by ImmunoSpot 5.1.34 software (Cellular Technology Ltd.). The number of spots was

converted into the number of spots per million cells and plotted as mean ± SEM.

Histopathology and Immunohistochemistry
SARS-CoV-2-challenged hACE2 mice were euthanized in BSL-3 facility. Major tissues, which included heart, liver, spleen, lung, kid-

ney, cerebrum, intestine, bladder, mesenteric lymph nodes and testis/ovary, were collected and fixed in 4%paraformaldehyde buffer
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for 48 h, followed by embedding with paraffin. Coronal sections were performed on the cerebrum. Transverse sections were per-

formed for the intestine and testis. Longitudinal sections were performed on all the other tissues. The sections (3-4 mm) were stained

with hematoxylin and eosin (H&E). For immunohistochemistry, lung sections of each mice were deparaffinized and rehydrated with

xylene and gradient alcohol. The antigen was microwave-retrieved by citric acid buffer (pH 6.0) and then quenched for endogenous

peroxidases with 3% H2O2 for 10 min. Bovine Serum Albumin (BSA) was used to block non-specific binding sites at room temper-

ature for 30 min. The sections were incubated with rabbit anti-SARS-CoV-2 Nucleoprotein (N) at 1:200 dilution for overnight at 4�C.
Subsequently, the sections were incubated with goat anti-rabbit IgG secondary antibody (HRP) for 2 h at room temperature and

stained by 3,3¢-diaminobenzidine. Finally, the sections were dyed with hematoxylin, dehydrated with gradient concentrations of

ethanol, cleared with xylene and covered with neutral balsam for microscopic examination. Images were captured with Olympus

BX63 microscope.

Antibody-Dependent Enhancement (ADE) Assay
To measure the antibody-dependent enhancement (ADE) of serum of different vaccine-immunized animals, HEK293T cells were

transfected with FcgRI and FcgRII-expressing plasmids. Serum of adjuvant only-, BRD-HR monomer-, RBD nanoparticle- and

RBD-HR nanoparticle-vaccinated hACE2 mice was collected at week 6 and 10-fold serially diluted. Diluted sera were mixed with

pseudotyped SARS-CoV-2 and incubated at 37�C, 5%CO2 for 1 h. The serum/virus mixtures were added into each wells containing

1 3 104 mFcgRI and mFcgRII-HEK293T cells and went on culturing for 48 h. Cells were lysed with lysis buffer (Promega) 48 h post

infection. The lysate wasmeasured for relative luminescence units in luminometer (Promega). Serum of vaccinated rhesusmacaques

was measured for ADE similarly, except that the target cells were monkey FcgRI- and monkey FcgRII-expressing HEK293T cells. To

indicate the efficiency of ADE assay, we utilized serum of ZIKV-infected Ifnar1�/� mice. Ifnar1�/� mice were infected with 50 PFU of

ZIKV strain MR 766. Most mice died two weeks post infection. Sera were collected from survival mice and 10-fold serially diluted.

Diluted sera were mixed with pseudotyped ZIKV and incubated at 37�C, 5% CO2 for 1 h. The serum/virus mixtures were added

into each wells containing 1 3 104 mFcgRI and mFcgRII-HEK293T cells and went on culturing for 48 h. The lysate of each well

was measured as above. Sera of naive mice were treat as control.

Physical Examinations and Blood Biochemical Indexes in Monkeys
Datasets of safety-related parameters were monitored before, during, and after vaccination for rhesus macaques, which included

physical examinations and blood biochemical indexes. After the prime vaccination of monkey, body temperature was measured

every day for a total of 40 days. Weight was measured before vaccination and every week post prime vaccination. Blood samples

were collected before vaccination and at week 2, 4, 6, 8, 10, 12 post prime vaccination. Biochemical indexes were measured, which

includedCREA (creatinine), UA (uric acid), UREA (blood urea), TCO2 (total CO2), CRP (C-reactive protein), AST (aspartate aminotrans-

ferase), ALT (alanine aminotransferase), g-GT (g-glutamyl transpeptidase), LDH (lactate dehydrogenase), TP (total protein), ALB (al-

bumin), GLB (globulin) and A/G (albumin/globulin ratio), for kinetics analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the experiments have been performed for at least three times by at least two laboratory workers. The statistical details of specific

experiments, which included the statistical tests used, number of samples, mean values, standard errors of the mean (SEM) and p

values derived from indicated tests, had been described in the figure legends and showed in the figures. Statistical analyses were

conducted utilizing Graphpad Prism 8.0 or Microsoft Excel. Triplicate, sextuplicate and other replicate data were presented as

mean ± SEM. A value of p < 0.05 was considered to be statistically significant and represented as asterisk (*). Value of p < 0.01

was considered to be more statistically significant and represented as double asterisks (**). Value of p < 0.001 was considered to

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

statistically significant and represented 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 ANOVAwith Tukey’smultiple comparisons test was used. For SARS-CoV-2 ADE experiment, two-way ANOVAwith Tukey’s

multiple comparisons test was used. For ZIKV ADE experiment, two-way ANOVA with Sidak’s multiple comparisons test was used.

For the comparison of highly heterogeneous data including genetic distance of RBD and HR, a Mann-Whitney U-test was used.
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