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ABSTRACT: SARS-CoV-2 caused the COVID-19 pandemic that
lasted for more than a year. Globally, there is an urgent need to use safe
and effective vaccines for immunization to achieve comprehensive
protection against SARS-CoV-2 infection. Focusing on developing a
rapid vaccine platform with significant immunogenicity as well as broad
and high protection efficiency, we designed a SARS-CoV-2 spike
protein receptor-binding domain (RBD) displayed on self-assembled
ferritin nanoparticles. In a 293i cells eukaryotic expression system, this
candidate vaccine was prepared and purified. After rhesus monkeys are
immunized with 20 μg of RBD−ferritin nanoparticles three times, the
vaccine can elicit specific humoral immunity and T cell immune
response, and the neutralizing antibodies can cross-neutralize four SARS-CoV-2 strains from different sources. In the challenge
protection test, after nasal infection with 2 × 105 CCID50 SARS-CoV-2 virus, compared with unimmunized control animals, virus
replication in the vaccine-immunized rhesus monkeys was significantly inhibited, and respiratory pathology observations also showed
only slight pathological damage. These analyses will benefit the immunization program of the RBD−ferritin nanoparticle vaccine in
the clinical trial design and the platform construction to present a specific antigen domain in the self-assembling nanoparticle in a
short time to harvest stable, safe, and effective vaccine candidates for new SARS-CoV-2 isolates.

■ INTRODUCTION

Severe acute respiratory syndrome CoV-2 (SARS-CoV-2)
causes coronavirus disease 2019 (COVID-19) and has
remained a pandemic for more than a year. Among patients
infected with SARS-COV-2, more than 80% have mild
symptoms and good prognosis.1 The fatality rate of SARS-
CoV-2 was approximately 2.22%,2 and it does not seem to be
as high as those of SARS-CoV (9−11%) (8098 cases and 774
deaths)3 or MERS (34%) (2494 cases and 858 deaths);4

however, its transmission rate is substantially higher. The
estimated mean R0 for COVID-19 is approximately 3.28;5

consequently, SARS-CoV-2 has resulted in at least 112 456 453
confirmed cases and 2 497 514 deaths worldwide as of 26
February 2021.2 Frustratingly, until now, few vaccines have
been available to control the epidemic,6 and strains with novel
mutations arising in many areas pose great challenges to
epidemic control and vaccine development.7,8

As of 23 February 2021, over 255 SARS-CoV-2 vaccine
candidates were under development, including 73 in clinical
trials (updated on 2021.2.23),6 and some vaccine candidates
were safe and could elicit immunity responses in the clinical
trials.9−15 Most vaccine candidates belong to one of five

vaccine platforms: inactivated virus, DNA-based, viral vector,
protein subunit, and RNA-based; several live attenuated virus
vaccine candidates are also in development.6 Of the active
candidate vaccines in phase 3 trials, two are protein subunit
vaccines, four are viral vector vaccines, one is a DNA-based
vaccine, six are inactivated virus vaccines, and three are RNA-
based vaccines.6 It is encouraging that some vaccines15−17 have
shown more than 70%16 and up to 95%15 efficacy at preventing
COVID-19, and these vaccines are now being used in many
areas. However, the capacity to produce these vaccines is
insufficient for worldwide administration, and more than half
of the global population must receive a vaccine in order to
contain the outbreak. In addition, concerns have emerged
about poor vaccine stability in the field, security concerns
about Pharmaceutical Process Scale-Up of the vaccine
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production, and potentially weaker efficacy against isolates
with mutations. It is therefore urgent to construct a universal,
stable, effective vaccine platform for future vaccine develop-
ment.
The SARS-CoV-2 virus relies on the spike protein in the

viral membrane for host cell recognition, attachment, and
membrane fusion. The receptor-binding domain (RBD)
structure and sequence of SARS-CoV-2 and SARS are very
similar, indicating a common origin.18 However, the high
hACE2 binding affinity of the RBD, furin preactivation of the
spike protein, and hidden RBD in the spike potentially allow
SARS-CoV-2 to maintain efficient cell entry while evading
immune surveillance;19−21 these may be the major reasons for
its high transmission rate. Most of the isolated neutralizing
antibodies against SARS-CoV-2 infection target the S
protein,22,23 especially the RBD.23,24 Many vaccine candidates
target the RBD, including several candidates in clinical trials.6

Rapid conversion of recombinant RBD into particulate form
via admixing with liposomes containing cobaltporphyrin-

phospholipid (CoPoP) potently enhances the functional
antibody response,25 and this vaccine approach using RBD
nanoparticles is now in phase I/II clinical trials (clinical-
trials.gov #NCT04783311).6 A recombinant vaccine com-
prised of residues 319−545 of the RBD of the spike protein
induced a potent functional antibody response in immunized
mice, rabbits, and nonhuman primates (Macaca mulatta), and
vaccination also provided protection against an in vivo
challenge with SARS-CoV-2 in nonhuman primates.26

Self-assembling nanoparticle vaccine candidates with ferritin
backbones can be conveniently and safely generated, and this
platform has distinct advantages in terms of its relatively simple
scale-up and flexible assembly. Helicobacter pylori (Hp)
ferritin,27,28 which self-assembles as a hollow spherical
nanocage structure,29 provides a good platform for RBD
epitope presentation. Antigens associated with ferritin nano-
particles are more efficiently captured by DCs and macro-
phages than monomers.30 Moreover, the heterogeneity of the
nanoparticles may provide a self-adjuvant effect to elicit

Figure 1. Ferritin-based self-assembling nanoparticles displaying the SARS-CoV-2 RBD. (A) Design of the RBD−ferritin fusion protein. (B)
Immunofluorescence imaging of the RBD−ferritin fusion protein in 293T cells by His (red) and SARS spike antibody (green). The scale bar is 2
μm. (C) Immunofluorescent staining of the RBD−ferritin fusion protein in 293i cells by SARS spike antibody and convalescent human serum from
infection by SARS-CoV-2. The scale bar is 125 μm. (D) TEM image of RBD−ferritin nanoparticles after affinity chromatography and
supercentrifugation. The scale bar is 500 nm. (E) The homology model of the RBD−ferritin complex was predicted using SWISS-MODEL
(https://swissmodel.expasy.org/). RBD and ferritin were generated by using the coordinates of the SARS-CoV-2 spike protein (PDB: 7CWS) and
ferritin (PDB: 5C6F), respectively. The figures were prepared with PyMOL (http://www.pymol.org/). For clarity, eight RBDs fused to the ferritin
monomers are shown. (F) The multimer of RBD−ferritin stained with Coomassie brilliant blue stain in native buffer. (G) Western blot of native
PAGE showing multimeric RBD−ferritin extracted in native buffer, indicating an RBD−ferritin multimer of >180 kDa. (H) Western blot of M2e-
ferritin extracted in denaturing buffer, indicating an RBD−ferritin fusion protein of ∼50 kDa.
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immune responses without autoantibodies.28 This platform has
been successfully applied to influenza nanoparticle candidate
vaccines.27,31 Previous results showed that self-assembling

nanoparticle vaccines displaying the RBD of SARS-CoV-2
could elicit robust immune responses in mice30,32 and rhesus
monkeys and protect against SARS-CoV-2 infection in hACE2

Figure 2. Humoral and T cell immune responses in RBD−ferritin nanoparticle-vaccinated rhesus monkeys. (A) The immune sera test for reactivity
in an RBD nanoparticle-coating ELISA. n = 3 in every group. (B) The immune sera test for reactivity in an RBD peptide-coating ELISA, and the
peptide was WNRKRISNCVAD. n = 3 in every group. (C) The neutralization ability of the serum was detected with 100 CCID50 SARS-CoV-2
from rhesus monkeys immunized two or three times with RBD nanoparticles and the monkeys infected with SARS-CoV-2 for 10 days. The
cytopathic effect (CPE) was directly observed. The results were analyzed using GraphPad Prism 8, and p values were calculated by SPSS after the
numbers of neutralization dilution were analyzed by log 10. n = 3 in every group. GMT in the y-axis is the geometric mean with geometric SD. (D,
E) The SFCs of splenic lymphocytes secreting IFN-γ (D) and IL-4 (E) per 105 splenic lymphocytes in the immunized rhesus monkeys were
evaluated via ELISPOT analysis after stimulation with 104 CCID50 SARS-CoV-2, 10 μg of RBD−ferritin nanoparticles, or 10 μg of RBD peptides
including 2.5 μg of each peptide in four peptides belonging to the RBD. Peptide 1 was WNRKRISNCVAD, peptide 2 was GQTGKIADYNYK,
peptide 3 was QAGSTPCNGVEG, and peptide 4 was GPKKSTNLVKNK, in order from the N-terminus to the C-terminus. n = 3 in every group.
(F) CD8+ RBD tetramer-positive cells in PBMCs of immunized rhesus monkeys are shown. * 0.01 < P ≤ 0.05, ** 0.001 < P ≤ 0.01, *** P ≤
0.001.
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mice.30 The antisera exhibited potent neutralizing activity and
strong RBD competition with both ACE2 and neutralizing
antibodies,23 and strong CD8+ T cell and Th1-biased CD4+ T
cell responses were induced in both mice and rhesus
monkeys.30 In addition, the RBD−ferritin nanoparticles had
good stability.
To develop a SARS-CoV-2 vaccine platform with significant

immunogenicity, high protection efficiency, broad spectrum,
and good safety and to study the immune responses and
protective effect of the RBD−ferritin nanoparticles in rhesus
monkeys, we designed a self-assembling nanoparticle vaccine
candidate and prepared it in an eukaryotic expression system
(293i cells), followed by Ni-NTA purification and iodixanol
ultracentrifugation to harvest RBD−ferritin nanoparticles.
Then, rhesus monkeys were immunized with RBD−ferritin
nanoparticles three times. The vaccine candidate elicited
robust humoral and T cell responses, including cross-
neutralization of four SARS-CoV-2 isolates; produced IFN-γ-
secreting cells, IL-4-secreting cells, and specific CD8+
tetramer-expressing cells; and protected the rhesus monkeys
from infection with 2 × 105 CCID50 SARS-CoV-2 with a short
duration of shedding and slight pathological damage.

■ RESULTS

Construction and Purification of Self-Assembling
Ferritin Nanoparticles Displaying SARS-CoV-2 RBD.
The spike peptide sequences of four isolates of SARS-CoV-2
were compared, and we found that the RBD peptide was
conserved (Figure S1B). The RBD peptide was fused to the N-
terminus of ferritin, 6 × His was fused to the N-terminus of
RBD, 10 × His was fused to the C-terminus of ferritin, and
signal peptides were fused to the N-terminus of the RBD−
ferritin fusion protein (Figure 1A). Immunofluorescence
staining with His antibody and SARS spike antibody indicated
the expression of the RBD−ferritin fusion protein in 293T cells
after transfection with the recombinant plasmid (Figure 1B).
Then, the expression of the RBD−ferritin fusion protein in
293i cells was validated with a SARS spike antibody (Figure
1C). Further, detection of the RBD−ferritin fusion protein
expression with convalescent serum from human COVID-19
patients proved that the RBD−ferritin fusion protein could be
recognized by the antibodies induced by SARS-CoV-2
infection (Figure 1C). The recombinant proteins were
extracted in natural buffer and then purified by Ni-NTA and
subsequent iodixanol supercentrifugation. We next observed
the structural characteristics of the RBD−ferritin nanoparticles
using negative staining electron microscopy. Transmission
electron microscopy (TEM) images showed that the RBD−
ferritin monomers could self-assemble into homogeneously
sized nanoparticles (Figure 1D), and the homology model of
the RBD−ferritin complex was predicted and is shown in
Figure 1E. Native polyacrylamide gel electrophoresis (PAGE)
and coomassie blue staining revealed a clear single band with a
high molecular mass (Figure 1F). The RBD−ferritin fusion
protein was further verified via Western blot analysis with the
SARS spike antibody, and the results showed a specific single
band of greater than 130 kDa on native PAGE (Figure 1G)
and a specific single band of approximately 50 kDa on
denaturing PAGE (Figure 1H). The theoretical mass of the
RBD−ferritin fusion protein is 49.968 kDa. The purified
RBD−ferritin nanoparticles were sequenced by mass spec-
trometry (MS), which also identified RBD−ferritin nano-

particles with correct sequences (Figure S2), and importantly,
there was no other impurity protein in the results of MS.

Humoral and T Cell Immune Responses in RBD−
Ferritin Nanoparticle-Vaccinated Rhesus Monkeys.
RBD−ferritin nanoparticles (20 μg) were delivered by
intramuscular injection at 2-week intervals, and serum and
blood cell samples from the immunized rhesus monkeys were
collected on the 28th days (immunized two times) and 42th
days (immunized three times). The antigenicity of the RBD−
ferritin nanoparticles was validated via Western blot analysis by
SDS-PAGE using serum for antibody detection (Figure S3).
We investigated the humoral immune responses after
vaccination with RBD−ferritin nanoparticles. The test of
immune sera for reactivity in an RBD-coating ELISA showed
that the serum in the rhesus monkeys immunized three times
with RBD−ferritin nanoparticles could bind to the RBD when
the serum was diluted 102 400-fold, the serum in the rhesus
monkeys immunized two times could bind to the RBD when
the serum was diluted 25 600-fold, while the serum in the
rhesus monkeys immunized with PBS or ferritin alone could
bind when the serum was diluted 400-fold (Figure 2A). At the
same time, the test of immune sera for reactivity in an RBD−
peptide ELISA showed that the serum in the rhesus monkeys
immunized two or three times with RBD−ferritin nano-
particles could bind to the RBD peptide when the serum was
diluted 12 800-fold, while the serum in the rhesus monkeys
immunized with PBS or ferritin alone could bind when the
serum was diluted 50- to 100-fold (Figure 2B); thus, the serum
in the rhesus monkeys immunized with RBD−ferritin
nanoparticles three times had greater affinity for the RBD
and peptide than those in the rhesus monkeys immunized with
RBD−ferritin nanoparticles two times (Figure 2A, 2B). To
evaluate whether the induced antibodies could neutralize
authentic SARS-CoV-2, the neutralization capacity of serum
from immunized rhesus monkeys was detected with 100
CCID50 SARS-CoV-2. Direct observation of the cytopathic
effect (CPE) showed that the cells were not infected in the
dilutions of 1/45 to 1/112 of the serum from the rhesus
monkeys immunized three times, while the cells were not
infected in the dilutions of 1/5 to 1/6 of the serum from the
rhesus monkeys immunized two times (Figure 2C). In
addition, we detected the convalescent sera neutralization
level against SARS-CoV-2 using the serum from the monkeys
on 10 dpi after SARS-CoV-2 infection and compared with the
sera from the monkeys immunized with RBD, PBS, or ferritin
nanoparticles. We found that the convalescent sera neutraliza-
tion levels were lower obviously than those in the three times-
immunized monkeys and similar to those in the two times-
immunized monkeys (Figure 2C). At the same time, we found
by ELISPOT and FLC that rhesus monkeys immunized with
RBD−ferritin nanoparticles typically respond to vaccines with
T cell-related immune effects (Figure 2D−F, Figure S4). The
rhesus monkeys immunized with RBD−ferritin nanoparticles
developed more IFN-γ-secreting cells and IL-4-secreting cells
in their splenic lymphocytes, which were treated with 10 μg of
RBD−ferritin fusion protein, 10 μg of RBD peptides, or 104

CCID50 SARS-CoV-2 as stimulants, and far more IFN-γ-
secreting cells and IL-4-secreting cells were developed in the
splenic lymphocytes from the rhesus monkeys that were
immunized three times than those that were immunized only
two times (Figure 2D, 2C). Equally importantly, CD8+ RBD
tetramer-positive cells in PBMCs of immunized rhesus
monkeys could be stimulated after three rounds of
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immunization with RBD−ferritin nanoparticles, but not after
only two rounds of immunization (Figure 2F). In summary,
specific T cell responses could be stimulated after immuniza-
tion with RBD−ferritin nanoparticles. In addition, lymphocyte
responses were detected in immunized rhesus monkeys, and
the proportions of CD3+ cells, CD4+ cells, CD8+ cells, CD4+
IFN γ+ cells, CD4+ IL-4+ cells, and CD4+ Foxp+ cells in
lymphocytes in the blood after immunization with RBD−
ferritin nanoparticles were increased, while the proportion of
CD4+ IL-17+ cells in lymphocytes in the blood after
immunization with RBD−ferritin nanoparticles was similar to
that in rhesus monkeys immunized with PBS (Figure S4).
RBD−Ferritin Nanoparticles Protected Rhesus Mon-

keys against SARS-CoV-2 Challenge. RBD−ferritin nano-
particles could protect against SARS-CoV-2 infection in
hACE2 mice after immunization two times;30 however,
RBD−ferritin nanoparticles could not protect rhesus monkeys
after immunization two times. However, RBD−ferritin nano-
particles could protect against SARS-CoV-2 infection in rhesus
monkeys after immunization three times (Figures 3, 4). These
results will help to improve the RBD−ferritin nanoparticle
vaccine immunization program chosen for clinical experiments.
The rhesus monkeys immunized with RBD−ferritin nano-
particles three times were challenged with 2 × 105 CCID50
SARS-CoV-2. Rhesus monkeys immunized with ferritin
protein only were not challenged because there was no
positive immune response. The viral shedding in the nose,

oropharynx, feces, and blood was monitored daily. The
shedding viral load peaked at 3 and 4 dpi in the nose and
oropharynx in rhesus monkeys immunized with PBS or
immunized two times with RBD−ferritin nanoparticles, and
the viral loads from the nasal swabs were higher than those
from the oropharyngeal swabs. Encouragingly, there was little
shedding at 3 dpi from the nose and below the limit of
detection viral load from the oropharynx in the rhesus
monkeys immunized with RBD−ferritin nanoparticles three
times (Figure 3B, 3C). In addition, there was a below the limit
of detection viral load in the feces or blood of any rhesus
monkeys. Three rhesus monkeys from each group were
sacrificed to allow the detection of the virus level, tissue
damage, and immune responses at 7 dpi with SARS-CoV-2.
There was no viral RNA in the respiratory tissues of the rhesus
monkeys immunized three times with RBD−ferritin nano-
particles; at the same time, the viral RNA could be detected in
the nose, and lesser virus RNA was detected in the lung, BALF,
or trachea of the rhesus monkeys immunized with PBS or two
rounds of RBD−ferritin nanoparticles (Figure 3D). IHC with
SARS-CoV-2 N protein antibody showed that SARS-CoV-2
persisted in the lung and trachea in the rhesus monkeys
immunized with PBS (Figure 4A, 4B). Similarly, IF with SARS-
CoV-2 N protein antibody showed that SARS-CoV-2 persisted
in the lung and trachea in the rhesus monkeys immunized with
PBS or two rounds of RBD−ferritin nanoparticles (Figure 4C,
4D), but no SARS-CoV-2 was found in the lung and trachea in

Figure 3. RBD−ferritin nanoparticles protected rhesus monkeys against SARS-CoV-2 challenge with low virus shedding and virus load. (A) Time
points for immunization and sampling of rhesus monkeys. (B, C) SARS-CoV-2 shedding in the nose (B) and oropharynx (C) was detected in
rhesus monkeys upon SARS-CoV-2 exposure for 7 days. n = 3 in every group. (D, E, F) The virus loads at 7 dpi in the respiratory tissues (D),
lymph node tissues (E), and internal organs (F) of the rhesus monkeys upon SARS-CoV-2 exposure. n = 3 in every group. * 0.01 < P ≤ 0.05, **
0.001 < P ≤ 0.01, *** P ≤ 0.001.
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the rhesus monkeys immunized with three rounds of RBD−
ferritin nanoparticles (Figure 4A−D). There was little virus
RNA in the lymph node tissues and internal organs in all
rhesus monkeys (Figure 3E, 3F). In addition, the total protein
concentration was obviously smaller in the BALF of the rhesus
monkeys immunized with RBD−ferritin nanoparticles than
those in the BALF of the rhesus monkeys immunized with PBS
(Figure S5A). Cytospin analysis identified few cells in the
BALF of the rhesus monkeys immunized with RBD−ferritin
nanoparticles but many cells in the BALF of the rhesus
monkeys immunized with PBS (Figure S5B, S5C).
After challenge with SARS-CoV-2 for 7 days, in the rhesus

monkeys immunized with PBS, there were large areas of
hemorrhage, some inflammatory cells infiltrated, and some
alveolar septal cells thickened in the lung; local epithelial cells
were exfoliated, and local hyperemia persisted in the trachea
(Figure 4E, 4F). In the rhesus monkeys immunized two times
with RBD−ferritin nanoparticles, many alveolar septal cells
thickened, and inflammatory cells infiltrated the lung; local
epithelial cells were exfoliated in the trachea (Figure 4E, 4F).
In the rhesus monkeys immunized three times with RBD−
ferritin nanoparticles, there was slight hyperplasia of local

alveolar cells, and most cells in the lung and trachea were
normal (Figure 4E, 4F). Histology scores of lung and trachea
were calculated and also presented that there were few injuries
in the lung and trachea in the monkeys immunized three times
with RBD−ferritin nanoparticles (Figure 4G, Tables S1 and
S2).

Lymphocyte Responses Were Also Suppressed in
Immunized Rhesus Monkeys, While Specific CD8+
Tetramer Responses Were Maintained. Consistent with
previous results,1 T cell responses were suppressed in the
SARS-CoV-2 infection process in all rhesus monkeys, including
those immunized with RBD−ferritin nanoparticles (Figure 5,
Figure S5D), but the CD4+ IFN-γ+ cells in the blood were
more abundant at 3 dpi in the rhesus monkeys immunized with
RBD−ferritin nanoparticles than in the rhesus monkeys
immunized with PBS (Figure 5A), and there was perhaps a
higher percentage of CD4+ IL-4+ cells in the blood at 1 dpi in
the rhesus monkeys immunized with RBD−ferritin nano-
particles than in the rhesus monkeys immunized with PBS, but
there was no statistical difference (Figure 5B); the CD4+ Foxp
+ cells in the blood from 0 to 3 dpi were greater in the rhesus
monkeys immunized with RBD−ferritin nanoparticles than in

Figure 4. RBD−ferritin nanoparticles protected rhesus monkeys against SARS-CoV-2 challenge with little virus presence in the lung and trachea
and slight pathological damage. (A, B) IHC with SARS-CoV-2 nucleocapsid antibody detected the virus in the lung (A) and trachea (B) of
immunized rhesus monkeys. (C, D) IF with SARS-CoV-2 nucleocapsid antibody detected the virus in the lung (C) and trachea (D) of immunized
rhesus monkeys. Red indicates ACE2; yellow indicates SARS-CoV-2. The scale bar is 30 μm. Lung (E) and tracheal (F) injury in immunized rhesus
monkeys was detected by HE staining. The areas pointed to by the arrows in (F) are the injury points in the trachea. (G) Histology scores of lung
and trachea were calculated according to the histology score standards in Tables S1 and S2. n = 3 in every group. The statistical analyses were
calculated by Kruskal−Wallis analysis in SPSS. * 0.01 < P ≤ 0.05, ** 0.001 < P ≤ 0.01, *** P ≤ 0.001.
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the rhesus monkeys immunized with PBS, but there was no
statistical difference at 1 dpi (Figure 5C); in addition,
neutrophil granulocytes were proliferative after infection with
SARS-CoV-2, and they remained high over time in the rhesus
monkeys immunized with RBD−ferritin nanoparticles (Figure
S5E). More importantly, specific CD8+ tetramer responses
were elicited after three immunizations with RBD−ferritin
nanoparticles (Figure 2E), and proliferation was maintained
throughout the SARS-CoV-2 infection (Figure 5E).
RBD−Ferritin Nanoparticles Can Elicit Universal

Humoral Effects against Three Isolates of SARS-CoV-2
in Rhesus Monkeys. SARS-CoV-2 has remained epidemic
among humans for over one year, and multiple mutations have
arisen in many areas. Compared with SARS-CoV-2-KMS1/
2020 (MT226610.1), there was no mutation in the RBD spike

sequence in three other isolates (Figure S1B), but there was a
K73N mutation in three isolates (Figure S1A), a D614G
mutation in SARS-CoV-2/human/GBR/Kunming_kms-3/
2020 and SARS-CoV-2/human/USA/Kunming_kms-6/2020
(Figure S1C), and an A828T mutation in SARS-CoV-2/
human/KHM/Kunming_kms-2/2020 (Figure S1D). Here,
cross-neutralization of serum of three times-immunized rhesus
monkeys was detected for the other three isolates of SARS-
CoV-2 from different sources. The cells were not infected in
the dilutions of 1/22 to 1/27 of the serum from the rhesus
monkeys immunized three times against 100 CCID50 SARS-
CoV-2/human/KHM/Kunming_kms-2/2020, 1/45 to 1/74
against 100 CCID50 SARS-CoV-2/human/GBR/Kun-
ming_kms-3/2020, and 1/14 to 1/45 against 100 CCID50
SARS-CoV-2/human/USA/Kunming_kms-6/2020, while the

Figure 5. Lymphocyte responses were also suppressed in the immunized rhesus monkeys, while a specific CD8+ tetramer response was maintained.
(A−D) CD4+ IFN-γ+ cell percentages (A), CD4+ IL-4+ cell percentages (B), CD4+ Foxp+ cells (C), and CD4+ IL-17+ cell percentages (D) in
lymphocytes in the SARS-CoV-2 infection process were detected. n = 3 in every group. (E) CD8+ RBD tetramer-positive cells in lymphocytes in
immunized rhesus monkeys at 7 dpi with SARS-CoV-2 infection are shown.
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cells were not infected in the dilutions of 1/5 to 1/6 of the
serum from the rhesus monkeys immunized two times or ones
infected with SARS-CoV-2 at 10 dpi against 100 CCID50
SARS-CoV-2/human/KHM/Kunming_kms-2/2020, 1/5 to
1/11 against 100 CCID50 SARS-CoV-2/human/GBR/Kun-
ming_kms-3/2020, and 1/5 against 100 CCID50 SARS-CoV-
2/human/USA/Kunming_kms-6/2020 (Figure 6).

■ DISCUSSION

SARS-CoV-2 is the cause of a major pandemic, and
immunization with safe and efficient vaccines to achieve full
protection against SARS-CoV-2 infection is urgently needed. It
is necessary to construct a universal, stable, effective vaccine
platform for future vaccine development. Here, we prepared
RBD−ferritin nanoparticles from an eukaryotic cell expression
system (293i) and purified them by Ni-NTA and iodixanol
ultracentrifugation. Importantly, the RBD−ferritin nanopar-
ticles elicited potent immune responses, including humoral and
T cell responses, and protected rhesus monkeys from infection
by SARS-CoV-2 after three vaccinations. These analyses will
benefit the immunization program of the RBD−ferritin
nanoparticle vaccine in the clinical trial design and the
platform construction to present a specific antigen domain in
the self-assembling nanoparticle in a short time to harvest
stable, safe, and effective vaccine candidates for new SARS-
CoV-2 isolates. In addition, protein subunit vaccines utilize the
RBD protein directly without requiring transcription or
translation inside the human body to provide greater security.
Structural basis analysis of receptor recognition by SARS-

CoV-2 found that SARS-CoV-2 RBDs are essential for ACE2
binding18 and enhance its hACE2-binding affinity.20 The
position of the RBD on the spike protein 3D structure was
analyzed by SWISS-MODEL (Figure S6), and the RBD was an
independent domain in the spike protein; this would benefit
the immunogenicity. Most of the isolated neutralizing
antibodies against SARS-CoV-2 infection target the S
protein,22,23 especially the RBD.23,24 Previous results showed
that self-assembling nanoparticle vaccines displaying the RBD
of SARS-CoV-2 elicited potent immune responses30,32 and

protected against SARS-CoV-2 infection in hACE2 mice after
two vaccinations.30 However, the protection efficiency of these
nanoparticle vaccine candidates was limited in evaluation only
in mice models. Considering that mice are not a suitable
natural infecting model for SARS-CoV-2, the evaluation of
vaccines in this model is limited because of the lack of the
nonsystematic characteristics of the infection process. Based on
the rhesus macaque model nasally inoculated with SARS-CoV-
2, we think an evaluation on the protection of nanoparticle
vaccines against SARS-CoV-2-infected nonhuman primates can
provide more detailed data on the systemic immune response
elicited by the vaccine. We harvested RBD−ferritin nano-
particles and administered them to rhesus monkeys at 20 μg
per monkey. The results showed that three rounds of
immunization with RBD−ferritin nanoparticles could protect
rhesus monkeys from infection by 2 × 105 CCID50 SARS-
CoV-2 with short-term shedding and only minor pathological
damage, but the shedding after infection and lung and trachea
damage were similar in the rhesus monkeys immunized with
RBD−ferritin nanoparticles two times and those immunized
with PBS.
COVID-19 has persisted as a worldwide epidemic for more

than a year. One major concern is that several isolates with
mutations have been found in patients, and thus we are facing
the cocirculation of several isolates. These mutations include
the D614G mutation in SARS-CoV-2/human/GBR/Kun-
ming_kms-3/2020 and SARS-CoV-2/human/USA/Kun-
ming_kms-6/2020 (Figure S1C) and N501Y and D570A
mutations in SARS-CoV-2/human/ITA/APU-POLBA01/
2020 (Figure S7). The D614G variant exhibits more efficient
infection, replication, and competitive fitness in primary
human airway epithelial cells but similar morphology and in
vitro neutralization properties; the D614G variant also
transmits significantly faster and displays increased competitive
fitness in hamsters compared with the wild-type virus.7

Fortunately, there is no mutation in the RBD sequence of
the isolates with the D614G variant, and the RBD−ferritin
nanoparticles therefore elicited universal humoral effects
against the D614G variant (Figure 6). The N501Y and

Figure 6. Cross-neutralization of the serum of immunized rhesus monkeys was detected with the other three isolates of SARS-CoV-2. The
neutralization of the serum was detected for three other isolates of 100 CCID50 SARS-CoV-2 from rhesus monkeys immunized two or three times
with RBD nanoparticles and the monkeys infected with SARS-CoV-2 for 10 days. The cytopathic effect (CPE) was directly observed. The three
isolates of SARS-CoV-2 were SARS-CoV-2/human/KHM/Kunming_kms-2/2020 (MW341443.1), SARS-CoV-2/human/GBR/Kunming_kms-3/
2020 (MW255832.1), and SARS-CoV-2/human/USA/Kunming_kms-6/2020 (MW264424.1). The results were analyzed using GraphPad Prism
8, and p values were calculated by SPSS after the numbers of neutralization dilution were analyzed by log 10. n = 3 in every group. GMT in the y-
axis is the geometric mean with geometric SD * 0.01 < P ≤ 0.05, ** 0.001 < P ≤ 0.01, *** P ≤ 0.001.
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D570A mutations occur in the RBD of SARS-CoV-2, and the
isolate with the N501Y mutation was found to be more
transmissible than the 501N lineage.33 However, we did not
evaluate cross-neutralization of this isolate. In other ways,
cellular immune responses could also be involved in the
clearance of virus infection. Strong CD8+ T cell and Th1-
biased CD4+ T cell responses were induced in both mice and
rhesus monkeys,30 and in our results, strong T cell responses,
including the presence of IFN-γ-secreting cells and IL-4-
secreting cells, were also induced in rhesus monkeys after three
immunizations. Interestingly, specific CD8+ tetramer cells
were also induced in rhesus monkeys after three immuniza-
tions, and no SARS-CoV-2 isolates, including SARS-CoV-2/
human/ITA/APU-POLBA01/2020, carry a mutation in the
tetramer location. Therefore, it is possible that the immune
responses elicited by our vaccine could protect against
infection with these new SARS-CoV-2 isolates. In addition,
ELISA with four peptides in the RBD showed that RBD−
ferritin nanoparticles had the strongest binding with N-
terminal peptides (Figure S8), which are not altered in these
variants. Cross-neutralizing, specific CD8+ tetramer cells and
universal IFN-γ-secreting cells, IL-4-secreting cells, TH1 cells,
and Treg cells may play important roles in protection against
infection by isolates with novel mutations. Of course, vaccines
targeting isolates with mutations are necessary, and self-
assembling nanoparticle platforms could be used to develop
specific, stable, effective vaccines in a short time.
Self-assembling nanoparticle vaccines displaying the RBD of

SARS-CoV-2 were prepared, and the vaccine candidate elicited
robust humoral and T cell responses and protected the rhesus
monkeys from infection by 2 × 105 CCID50 SARS-CoV-2 with
short-term shedding and only minor pathological damage.
These analyses will benefit the immunization program of the
RBD−ferritin nanoparticle vaccine in the clinical trial design
and the platform construction to present a specific antigen
domain in the self-assembling nanoparticle in a short time to
harvest stable, safe, and effective vaccine candidates for new
SARS-CoV-2 isolates.

■ MATERIALS AND METHODS
Animals and Biosafety. All animal experiments were

conducted under prior approval from the Animal Ethics
Committee of the Institute of Medical Biology, IMBCAMS,
permit number DWLL202004020, according to the National
Guidelines on Animal Work in China. Twelve male rhesus
macaques (age: 8−12 months; weight: 2−3 kg) were used in
this study, and they come from IMBCAMS. All work with
infectious SARS-CoV-2 was performed with approval under
Biosafety Level 3 (BSL3) and Animal Biosafety Level 3
(ABSL3) conditions by the Institutional Biosafety Committee
of Institute of Medical Biology (IMB) in the Kunming
National High-level Biosafety Primate Research Center.
Viruses. The viral strain SARS-CoV-2-KMS1/2020 (Gen-

Bank accession number: MT226610.1) was isolated from
sputum collected from a COVID-19 patient by the Chinese
Academy of Medical Sciences (IMBCAMS) and propagated
and tittered on Vero cells in DMEM (Sigma, USA). The three
isolates of SARS-CoV-2 were SARS-CoV-2/human/KHM/
Kunming_kms-2/2020 (MW341443.1), SARS-CoV-2/
human/GBR/Kunming_kms-3/2020 (MW255832.1), and
SARS-CoV-2/human/USA/Kunming_kms -6/2020
(MW264424.1) and were also isolated from sputum collected
from the COVID-19 patients by the Chinese Academy of

Medical Sciences (IMBCAMS) and propagated and tittered on
Vero cells in DMEM (Sigma, USA). The stock viruses were
frozen at −80 °C and prepared for the following experiments.

Plasmid Construction. A serine−glycine−glycine (Ser−
Gly−Gly) spacer was fused to the gene fragment between the
RBD from SARS-CoV-2-KMS1/2020 (GenBank accession
number: MT226610.1) and ferritin. A signal peptide
(ETDTLLLWVLLLWVPGSTGD) was fused in the N
terminal of the fusion protein for secreting from 293i to the
medium. Signal peptides−His−RBD−ferritin fusion genes
were synthesized by TAKARA, and then the genes were
cloned into pcDNA3.1(+) (Promega) vectors.

Protein Expression and Purification. To detect the
expression of RBD−ferritin nanoparticles, expression vectors
were transfected into 293T using the FuGENE HD trans-
fection reagent (Promega) according to the manufacturer’s
instructions. The 293T cells were grown in DMEM with 2%
FBS and then collected 2 days post-transfection. To produce
ferritin and RBD−ferritin nanoparticles, expression vectors
were transfected into the 293i cells using polyethyenimine
(PEI) transfection reagent (Polysciences). 293i cells were
grown in OPM-293 CD05 medium (Shanghai OPM
Biosciences) with 37 °C, 8% CO2, and 125 r/min, and the
transfection conditions were 5 × 108 cells in 250 mL with 500
μg expression vectors and 1.5 mg of PEI; the cells were kept
fermenting for 5 days at 37 °C, 8% CO2, and 125 r/min.
The total proteins in the cells were extracted in their native

forms by applying three freeze−thaw cycles, followed by
ultrasonication at 40% strength for 6 s ON and 3 s OFF for 10
min. The nanoparticles were purified by affinity chromatog-
raphy using Ni-NTA agarose (Invitrogen), and the total
proteins were first incubated with Ni-NTA agarose at 4 °C for
2 h and washed in a gradient of 10, 20, and 40 mM imidazole
until no protein was detected in the cleaning fluid, followed by
elution in a gradient of 200 and 300 mM imidazole. Lastly, all
the eluent was enriched using 10 K centrifugal filters. Iodixanol
was prepared in 10-mL ultracentrifugation tubes with PBS-
NaCl, and a continuous density gradient was produced from
6%−12%−18%−24%−30%−36%−42%−48%−54% iodixanol
in 1 M NaCl. The proteins were flattened on the iodixanol
followed by ultracentrifugation at 40 000 rpm for 4 h, and then
the protein layer was collected. The nanoparticle proteins were
dialyzed in a dialysis bag (MW: 12 000−14 000) in 2 mM PBS
overnight and prepared for immunization.

Transmission Electron Microscopy (TEM) of RBD−
Ferritin Nanoparticles. After purification by iodixanol
supercentrifugation, the sampled layers containing nano-
particles were applied onto Formvar-carbon-coated 400-mesh
copper grids using a glass microspray (Zhongjingkeyi, China).
The grids were stained with 2% aqueous uranyl acetate at pH
4.5 for 5 min and viewed via a Hitachi TEM at 10 000−
30 000× magnification.

Characterization of the RBD−Ferritin Nanoparticles.
The protein purity and size were verified by native-PAGE-
coomassius bright blue stain and SDS-PAGE-Western blot, and
the primary antibody was the SARS spike antibody (Sino
Biological, China). The mass spectrum of the fusion protein
was detected by the Sangon, in Shanghai.

Animal Immunity and Viral Challenge. Six rhesus
monkeys were immunized intramuscularly with 20 μg of
RBD−ferritin nanoparticles with a 50% (v/v) mixture of
aluminum adjuvant (Sigma), and three of the six monkeys
were immunized two times while three of the six monkeys were
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immunized three times. Three rhesus monkeys were immu-
nized intramuscularly with 20 μg of ferritin nanoparticles with
a 50% (v/v) mixture of aluminum adjuvant (Sigma) three
times, and three rhesus monkeys were immunized intra-
muscularly with PBS with a 50% (v/v) mixture of aluminum
adjuvant (Sigma) three times. Three rhesus monkeys were
challenged by 2 × 105 CCID50 SAR-CoV 2 2 weeks after the
second immunization, and three rhesus monkeys were
challenged by 2 × 105 CCID50 SAR-CoV-2 2 weeks after
the third immunization. The shedding in the nose, oropharynx,
fecal matter, and blood were monitored every day after
infection.
ELISA. Four RBD peptides (peptide 1 was WNRKRISNC-

VAD, peptide 2 was GQTGKIADYNYK, peptide 3 was
QAGSTPCNGVEG, and peptide 4 was GPKKSTNLVKNK),
synthesized at Syn (Nanjing, Jiangsu, China) with a purity
above 98%, were diluted to 5 μg/mL and coated onto a plate at
100 μL/well, followed by incubation overnight at 4 °C, and a
gradient dilution of serum samples was added to the plate for 1
h at 37 °C after blocking for 2 h. Then, monkey anti-IgG was
added for 1 h at 37 °C, TMB was then added to develop color,
and the data were detected at OD450 after a termination
reaction.
ELISPOT. The spot-forming cells (SFCs) of IFN-γ-secreting

cells and IL-4-secreting cells after antigen stimulation were
evaluated using ELISPOT Kits (Mabtech) according to the
manufacturer’s instructions. In brief, 2 weeks after the second
and third immunization, the monkeys splenic lymphocytes
were isolated and plated in a 96-well membrane plate at 1 ×
105 cells, followed by stimulation with 10 μg of RBD−ferritin
nanoparticles, 10 μg of RBD peptides (with 2.5 μg of each
RBD peptide 1−4), or 104 CCID50 SARS-CoV-2. The cells
with stimulates were incubated at 37 °C under 5% CO2 for 36
h. The number of spots was counted with an ImmunoSpot
image analyzer (AID).
Neutralization Assay. Neutralization was measured in a

formally validated assay that utilized four isolates of SARS-
CoV-2 including SARS-CoV-2-KMS1/2020, SARS-CoV-2/
human/KHM/Kunming_kms-2/2020, SARS-CoV-2/human/
GBR/Kunming_kms-3/2020, and SARS-CoV-2/human/
USA/Kunming_kms-6/2020. First 100 CCID50 virus in 50
μL per well was incubated with 12 serial twofold dilutions of
serum samples in 50 μL per well in duplicate for 1 h at 37 °C
in 96-well plates, and four parallelism wells were conducted.
Cells were detached using 0.25% trypsin (Sigma), suspended
in growth medium (100 000 cells/mL), and immediately
added to all wells (10 000 cells in 100 μL of growth medium
per well). One set of 12 wells received cells + virus (virus
control), another set of 12 wells received cells only
(background control), and another set of 12 wells received
cells + serum without dilution (serum control). After 5−7 days
of incubation, the neutralization assay could be judged
according to CPE. Serum samples were heat-inactivated for
30 min at 56 °C prior to assay. The neutralization assays were
calculated according to the Reed−Muench method.
Virus Load Detection. RNA from oropharyngeal swabs,

nasal swabs, feces swabs, whole blood, and homogenized
tissues was extracted using TRIzol reagent (Tiangen, China).
The primers and probe used were ORF1ab-F: 5′-
CCCTGTGGGTTTTACACTTA-3′; ORF1ab-R: 5′-AC-
GATTGTGCATCAGCTG-3 ′ , and ORF1ab-P: 5 ′-
CCGTCTGCGGTATGTGGAAAGGTTATGG-3′. For quan-
titation of viral RNA, a standard curve was generated using 10-

fold dilutions of RNA standard; the standard curve was y =
−0.3052x+ 11.444. qRT-PCR was performed using a TaqMan
Gene Expression Kit (Takara, China).

Histopathology. The specimens were fixed in 10%
formalin for more than 1 week, and then the samples were
fixed in 10% formalin for 2 h, 1 h in 70% ethanol, 1 h in 80%
ethanol, 1 h in 90% ethanol, 1 h in 95% ethanol for three times,
1 h in xylene, 30 min in xylene, 30 min in paraffin, and 1 h in
paraffin for two times. After slicing, the sections of paraffin-
embedded tissue were deparaffinized in xylene, rehydrated in a
graded series of ethanol, and rinsed with double-distilled water
and then hematoxylin for 15 min, water for 1 min, 1% HCl in
ethanol for 5 s, water for 1 min, ammonium hydroxide for 10 s,
water for 1 min, 0.5% eosin for 30 s, 75% ethanol for 10 s, 95%
ethanol for 10 s for two times, ethanol for 10 s for two times,
and xylene for 10 s for two times.

Immunohistochemistry (IHC). The sections of paraffin-
embedded tissue were deparaffinized in xylene, rehydrated in a
graded series of ethanol, and rinsed with double-distilled water.
The sections were incubated with rabbit anti-N antigen of
SARS-CoV-2 (Sino Biological, China) for 1 h after heat-
induced epitope retrieval. Antibody labeling was visualized by
the development of DAB. Digital images were captured and
evaluated by a histological section scanner (Aperio Digital
Pathology, Leica).

Immunofluorescence (IF). Paraffin-embedded tissue
sections were dewaxed, antigen repair was performed, and
the tissue sections were blocked for 1 h in 5% BSA at room
temperature and then labeled with an anti-ACE2 antibody
(Abcam, ab15348) at a 1:500 dilution overnight at 4 °C. The
tissue slides were permeabilized with 0.1% Triton X-100 for 15
min and then anti-SARS-CoV-2 N protein antibody (Sino
Biological, China) at a 1:500 dilution for 1 h at room
temperature. Finally, SARS-CoV-2 N protein antigens were
visualized by Alexa Fluor 555-conjugated donkey antimouse
IgG (Invitrogen) at a 1:500 dilution, and ACE2 protein
antigens were visualized by Alexa Fluor 647-conjugated donkey
anti-rabbit IgG (Invitrogen) at a 1:500 dilution for 1 h. The
images were captured by a Leica TCS SP8 laser confocal
microscope.

Immunophenotyping. The number of lymphocytes was
detected by CD3 (FITC-conjugate), CD4 (PE-conjugate),
CD8 (APC-conjugate), IFN-γ (BV421-conjugated), FOXP-3
(FITC-conjugated), IL-4 (PC7-conjugated), IL-17 (APC-
conjugated) staining, and RBD tetramer (PE-conjugate). All
of these antibodies were purchased from BD Biosciences, USA.
The RBD tetramer location was YFPLQSYGF, and they were
purchased from Creative Biosciences. Red blood cells were
lysed using BD Pharm Lyse. The cells were permeabilized
using BD permeabilization/fixation reagent. The cells were
resuspended in 0.2 mL of 2% paraformaldehyde until they
were run on a Beckman flow cytometer. Flow cytometry data
were analyzed using CytoFLEX (BECKMAN).

Statistical Analysis. The data were analyzed and plotted
using GraphPad Prism 8, and p values were calculated by one-
way ANOVA using SPSS PASW statistical software version
18.0. p values in Figure 4G were calculated by Kruskal−Wallis
analysis. * 0.01 < P ≤ 0.05, ** 0.001 < P ≤ 0.01, and *** P ≤
0.001.
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