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CORONAVIRUS

A recombinant spike protein subunit vaccine confers
protective immunity against SARS-CoV-2 infection

and transmission in hamsters
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Multiple safe and effective vaccines that elicit immune responses against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are necessary to respond to the ongoing coronavirus disease 2019 (COVID-19) pan-
demic. Here, we developed a protein subunit vaccine composed of spike ectodomain protein (StriFK) plus
a nitrogen bisphosphonate-modified zinc-aluminum hybrid adjuvant (FH002C). StriFK-FHO02C generated
substantially higher neutralizing antibody titers in mice, hamsters, and cynomolgus monkeys than those ob-
served in plasma isolated from COVID-19 convalescent individuals. StriFK-FH002C also induced both Ty1- and
Tw2-polarized helper T cell responses in mice. In hamsters, StriFK-FH002C immunization protected animals against
SARS-CoV-2 challenge, as shown by the absence of virus-induced weight loss, fewer symptoms of disease, and
reduced lung pathology. Vaccination of hamsters with StriFK-FHO02C also reduced within-cage virus transmission
to unvaccinated, cohoused hamsters. In summary, StriFK-FHO02C represents an effective, protein subunit-based

SARS-CoV-2 vaccine candidate.

INTRODUCTION

The coronavirus pandemic caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) is changing the landscape of
global public health. To date, 218 countries and regions around the
world have confirmed SARS-CoV-2 infections, with more than 181
million confirmed COVID-19 cases and nearly 4 million deaths.
Although many efforts have slowed virus transmission, one of the
essential tools to respond to the coronavirus disease 2019 (COVID-19)
pandemic is an effective and safe vaccine.

The cellular entry of SARS-CoV-2 is predominantly mediated by
the interaction of viral spike protein and its major receptor, the host
angiotensin-converting enzyme 2 (ACE2) (1-3). Like other corona-
viruses, the SARS-CoV-2 spike is a homotrimer protruding from
the viral surface, and it comprises two functional subunits, namely,
the S1 subunit containing the receptor binding domain (RBD) and the
S2 subunit mediating membrane fusion between the virus and
the cell (4-6). To date, several lines of evidence showed that anti-
bodies against this spike protein could play a critical role in both
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prophylaxis against and therapeutics for COVID-19 (7-12). An array
of distinct platforms is currently being used for vaccine development
against COVID-19 (13-19). Subunit vaccines, particularly those that
can be prepared using recombinant DNA technology, are advanta-
geous because of their documented safety and compatibility with mul-
tiple boosts if necessary (20).

Two challenges, however, must be addressed when developing
SARS-CoV-2 subunit vaccines. The first is to prepare the recombi-
nant protein subunits in a functional form that can predominantly
elicit SARS-CoV-2—neutralizing antibodies rather than nonneutral-
izing antibodies. This addresses concerns that nonneutralizing anti-
bodies may mediate antibody-dependent enhancement (ADE) of
disease or infection (21). The second is to overcome the relatively
poor immunogenicity of subunit vaccines relative to intact virus vac-
cines or virus-like particle-based vaccines (20). Adding an adjuvant
presents a solution to this challenge. Because the classical alum ad-
juvant generally stimulates Ty2-biased immune response, its use could
be associated with vaccine-associated enhanced respiratory disease
(VAERD) (22). Thus, any adjuvant used should help to both gener-
ate amore balanced Tyl and T2 cellular response and improve the
immunogenicity of the subunit vaccine.

In this study, through in vivo evaluation of the immunogenicity
of Chinese hamster ovary (CHO) cell-expressed various spike
derivatives, we identified the full length of the spike ectodomain
(StriFK) as the best performing immunogen because StriFK induced
more neutralizing antibodies relative to nonneutralizing antibodies.
In mice, hamsters, and nonhuman primates, we tested the immuno-
stimulatory effects of different adjuvants with StriFK, specifically
FHO002C, a nitrogen bisphosphonate—modified zinc-aluminum hybrid
adjuvant, and Al001, a traditional alum adjuvant commonly used in
human vaccines.
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Fig. 1. Immunogenicity of recombinant protein-based vaccine candidates was evaluated in mice. (A) Schematics of constructs for different recombinant spike
derivatives. Functional domains of the SARS-CoV-2 spike are colored. NTD, N-terminal domain; RBD, receptor binding domain; FP, fusion peptide; HR1/2, heptad
repeat 1/2; CH, central helix; TM, transmembrane domain; CYT, cytoplasmic tail; Tfd, trimerization motif of T4 fibritin (foldon). The borders for the spike functional
domain were defined via amino acid sequence alignments of SARS-CoV-2 with SARS-CoV-1 and other human coronavirus, in accordance with previous reports
(2,53). (B) SDS—polyacrylamide gel electrophoresis (PAGE) and Western blot (WB) analyses for purified proteins from CHO cells. Mr, protein marker; RBDTfd, RBD
with C-terminal-fused Tfd; StriFK, furin site removed spike ectodomain with C-terminal-fused Tfd. A convalescent serum sample from a patient with COVID-19 was
used for WB assay. (C) Antibody response induced by vaccine candidates in mice was measured. Groups of BALB/c mice were immunized with different vaccine
candidates (1 mg per dose) at weeks 0, 2, and 4. The proteins of RBD, RBDTfd, StriFK, S1, and S2 were used as the immunogen combined with Al001 or FH002C adju-
vants. Serum titers of anti-spike (top), anti-RBD (middle), and SARS-CoV-2 pseudovirus—neutralizing antibody (bottom) are displayed. Data were plotted as the
geometric means with 95% confidence interval (Cl). (D) Serum titers of anti-S1 and anti-S2 in immunized mice at week 6 after initial immunization. Data were plotted
as the geometric mean. (E) Associations between the titers of pseudovirus nAb (neutralizing antibody) and anti-spike binding antibody in mice that received differ-
ent immunogens. Data are derived from (C) and include sera from weeks 1 to 6. A Pearson test and linear regression model were used for correlation analysis. The
linear regression curves with 95% CI were plotted. The slopes of regression curves were indicated to reflect the relative ratio of neutralizing-to-binding antibody
induced by various immunogens. A Kruskal-Wallis test was used for intergroup statistical comparison in (C). Asterisks indicate statistical significance: ****P < 0.0001,
***P <(.001, **P <0.01, *P <0.05.
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RESULTS

StriFK induces spike-specific, neutralizing antibody
responses in mice

Using a CHO expression system, recombinant spike protein derivatives
of SARS-CoV-2, including RBD, S1, S2, trimerized RBD (RBDTfd),
and StriFK, were obtained (Fig. 1A). All five purified proteins achieved
acceptable purity and reacted in Western blots with antibodies present
in the plasma of a patient after convalescence from COVID-19 (Fig. 1B).
We combined StriFK with either alum (AlI001) or FH002C as an adju-
vant after confirming that both adjuvants showed similar morphology
and antigen adsorption capacity (fig. S1). Among all tested can-
didates, the StriFK-FH002C—immunized mice presented the most
rapid antibody response, showing detectable anti-spike, anti-RBD,
and neutralizing antibodies just 1 week after administration of the
first dose (Fig. 1C). Two weeks after the first dose, mice receiving
StriFK or S1 (with either adjuvant) all presented detectable anti-
spike antibodies. Likewise, mice that received RBDTfd-FH002C,
StriFK-AIl001, StriFK-FH002C, and S1-FH002C showed detectable
anti-RBD antibodies (Fig. 1C, middle). However, at this time point,
only mice immunized with StriFK-FH002C produced pseudovirus
neutralizing antibody (Fig. 1C, bottom). Compared to Al001, FH002C
adjuvant stimulated higher and more rapid antibody response in mice,
regardless of the immunogen used. At week 6, after three-dose im-
munization was completed, the RBD, RBDTfd, S1, and StriFK induced
similarly high titers of anti-spike and anti-RBD in combination
with FH002C adjuvant.

As expected, anti-S2 antibodies were only observed at compara-
ble titers in mice immunized with StriFK and S2 (Fig. 1D). Sera
from S2-immunized mice showed detectable neutralizing antibod-
ies, suggesting that both S1- and S2-specific antibodies contribute
to the neutralization activity of StriFK-induced antibodies. Regres-
sion analyses on the associations between the anti-spike binding ti-
ter and the neutralizing titer in mice receiving various immunogens
revealed that StriFK had a higher neutralizing-to-binding ratio (as
reflected by a larger slope value) than the other antigens (Fig. 1E).

In a stable pool of CHO cells transfected with StriFK-expressing
construct, protein expression reached more than 200 mg/liter (fig.
S2A). The molecular weight of StriFK was determined to be about
700 kDa by high-performance liquid chromatography-size exclusion
chromatography analysis (fig. S2B). StriFK showed that a binding
affinity of 3.52 nM to human ACE2 protein (fig. S2C) is in line with
previous studies (2, 6). StriFK also reacted to human COVID-19
convalescent plasma samples in enzyme-linked immunosorbent
assay (ELISA)-binding assay (fig. S2D). The StriFK-binding activity
of convalescent plasma positively correlated with neutralizing titers
against pseudotyped and authentic SARS-CoV-2 virus and was
associated with their receptor-blocking titers (fig. S2E). Together,
these findings support further evaluation of StriFK combined with
the FH002C adjuvant as a vaccine candidate.

StriFK-FHO02C stimulates SARS-CoV-2-specific T cell
responses in mice

To explore the difference between FH002C and AI001 in inducing
cellular immune response, we vaccinated C57BL/6 mice, which in-
duce more robust Tyl-skewed immune responses than BALB/c
mice, with StriFK plus one of the two adjuvants. First, to test the
effect of vaccination in promoting germinal center formation, we
measured the frequencies of T follicular helper (Ts), germinal cen-
ter B (GCB), and plasma cells in lymph nodes of mice 1 week after a
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singleimmunization (fig. S3). Incomparisonto StriFK-AI001, StriFK-
FH002C significantly increased the frequencies of T, (P = 0.0094;
Fig. 2A), GCB (P = 0.047; Fig. 2B), and plasma cells (P = 0.046;
Fig. 2C), which were consistent with the more rapid antibody re-
sponse and earlier antibody affinity maturation [indicated by high-
er immunoglobulin G (IgG) avidity] observed after StriFK-FH002C
immunization (fig. S4A). Sera from StriFK-FH002C—immunized
animals showed significantly higher 1gG2a (P = 0.032) or 1gG2b
(P =0.016) titers (fig. S4B) and higher 1gG2b-to-1gG1 titer ratio (fig.
S4C) than StriFK-AI00L. Together, these results demonstrated that
StriFK-FH002C induced more balanced Tl and T2 immune responses.

In mice receiving two immunizations of StriFK-FH002C or
StriFK-AI001, we further measured spike-specific T cell responses.
Incontrast to nonimmunized animals, interferon-g (IFN-g) enzyme-
linked immunosorbent spot (ELISPOT) assays revealed the numbers
of IFN-g—secreting cells after ex vivo antigen-peptide stimulation
increased by 28.9-fold and 5.8-fold in the spleen and 14.0-fold and
2.3-fold in lymph nodes in mice immunized with StriFK-FH002C
or StriFK-AIl001, respectively (Fig. 2, D and E). Compared to Al001,
the FHO002C adjuvant elicited significantly higher frequencies of
spike-specific IFN-g—secreting cells in either spleen (P = 0.043) or
lymph nodes (P = 0.035).

Intracellular cytokine staining (ICS) measurements of mouse
splenocytes stimulated by spike peptides demonstrated that StriFK-
FHO002C induced stronger Tl and cytotoxic T lymphocyte (CTL)
responses than StriFK-AI001, which was shown by significantly higher
frequencies of spike-specific IFN-g*CD4* (P = 0.002; Fig. 2F) and
IFN-g*CD8"(P = 0.0025; Fig. 2G and fig. S5). There was no difference
in the percentage of interleukin-4 (IL-4)*CD4" T cells and IL-4"CD8"*
T cells between the two groups (P > 0.99; Fig. 2, H and I). Therefore,
compared with Al001 adjuvant, FH002C adjuvant can induce a stronger
Twl cell response.

StriFK-FH002C is immunogenic in nonhuman primates
and hamsters
Next, we examined the immunogenicity of StriFK-FH002C in cynomol-
gus macaques in comparison to StriFK-AI001 and RBD-FH002C
(fig. S6). At week 4, all animals receiving the two-dose regimen
showed detectable anti-spike (fig. S6A), neutralizing (fig. S6B), and
receptor-blocking antibodies (fig. S6C). In contrast to RBD, StriFK
stimulated higher antibody titers in all three assays, particularly for
the first and second dose. On the other hand, the results after one
dose imply that the FH002C adjuvant may confer an advantage in
accelerating antibody generation. After three immunizations, animals
immunized with each of the three vaccine candidates displayed simi-
larly high titers of neutralizing antibodies and receptor-blocking
antibodies, suggesting that the advantages of StriFK-FH002C were
mainly reflected in the rapid antibody response in the early immu-
nization phase. However, the highest neutralizing response was still
observed in monkeys that received three-dose StriFK-FH002C im-
munization at week 7 (fig. S6B). No abnormalities in body weight
(fig. S6D), body temperature (fig. S6D), liver function (fig. S6E), renal
function (fig. S6F), cardiac enzymes (fig. S6G), or other clinical mani-
festations were observed in StriFK-FH002C- or StriFK-AI001-
immunized animals, suggesting a good safety profile of these vaccines
in nonhuman primates.

Nonhuman primates have been reported as a mild disease mod-
el for SARS-CoV-2 infection (23), whereas hamsters are considered
suitable animal models mimicking severe COVID-19 pneumoniain
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Fig. 2. The StriFK-FHO02C vaccine elicited potent humoral and cellular immun

CoV-2 spike in mice. C57BL/6 mice were immunized with StriFK-FH002C and StriFK-AI001 (both at 10 mg per dose)
on day 0 for ICS (n=7 per group) or on days 0 and 21 for IFN-g ELISPOT (n =8 per group). Spleens and lymph nodes
were collected at day 7 after the last immunization. (A to C) Percentages of lymph node follicular helper T (Ts) cells
(A), germinal center B (GCB) cells (B), and plasma cells (C) that were induced by StriFK-FH002C and StriFK-AI001 for
single-dose immunization. (D) The numbers of IFN-g spot-forming cells (SFCs) isolated from the spleen and lymph
node were quantified after stimulation of a peptide pool covering the entire spike protein. (E) Representative images
of ELISPOT wells. (F to I) The frequency of IFN-g*CD4" T cells of total CD4" T cells (F),
T cells (G), IL-4*CD4" T cells of total CD4" T cells (H), and IL-4*CD8" T cells of total CD8" T cells (I) was determined by
ICS after spike peptide pool stimulation. Data are presented as means + SEM. The difference between the groups was

analyzed by Kruskal-Wallis test and corrected for multiple comparisons using Dunn'

humans (24-26). We next assessed the immunogenicity of vaccine
candidates in Syrian golden hamsters (Mesocricetus auratus), aim-
ing to evaluate protective efficacy of candidate vaccines using this
model (Fig. 3). Hamsters that received StriFK-based vaccines (either
StriFK-FHO002C or StriFK-AI001) quickly generated detectable
antibodies as early as week 1 after the first vaccine in all four assays
measured. At week 3, or 7 days after the second vaccine dose, StriFK-
FHO002C elicited the highest titers of anti-RBD antibodies [geometric
mean titer (GMT) = 462,178; range: 102,400 to 1,968,300), anti-
spike antibodies (GMT = 1,604,827; range: 409,600 to 17,714,700),
neutralizing antibodies (GMT = 16,617; range: 6478 to 31,220), and
receptor-blocking antibodies (GMT = 634; range: 369 to 1537; Fig. 3).
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hamsters lost an average of 8.4, 12.2,
and 11.7% of body weight by 3, 5, and
7 days postinfection (dpi), respectively
(fig. STA). In contrast, StriFK-FH002C—
immunized animals lost just an average
of 2.0, 2.1, and 1.2% of body weight by
the corresponding time points (fig. STA),
which was significantly lower than that
of the sham controls (P < 0.0001) and
similar to that of the uninfected (mock)
group (P = 0.061). All animals in the
sham group exhibited symptoms of weak-
ness, piloerection, hunched back, or
abdominal respiration, which were not observed in vaccinated or
uninfected animals (fig. S7B).

Animals immunized with two doses of vaccine in sham and vac-
cine groups were euthanized at 3, 5, or 7 dpi (two animals per time
point) to assess viral loads and histopathological profiles in the re-
spiratory tract. For sham controls, the peak viral loads in lung
tissues were detected at 3 dpi [6.4 = 0.3 logso plaque-forming units
(PFU)/ml] and gradually decreased at 5 dpi (5.4 £ 0.3 log;o PFU/mI)
and 7 dpi (2.5 = 0.3 logyo PFU/mI). In the StriFK-FH002C group,
infectious virus was only detected in lung tissues of hamster F\V002
(4.2 logo PFU/mI) at 3 dpi but not in tissues of other animals
(fig. S7C). The relatively lower neutralizing antibody titer in F\VV002

e responses against the SARS-

IFN-g*CD8" T cells of total CD8"

s method.
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Fig. 3. Antibody response were induced in hamsters after immunization with StriFK-FH002C, RBD-FH002C, or StriFK-AI001. All three vaccines were used at 10 mg
per dose. Animals in sham (FH002C-only) and RBD-FH002C groups received two doses of vaccine at weeks 0 and 2, whereas animals in the StriFK-AI001 group received
three doses of vaccine at weeks 0, 2, and 6. In the StriFK-FHO02C group, 6 of 22 animals received two-dose immunizations at weeks 0 and 2, and the remaining 16 animals
received three-dose immunizations at weeks 0, 2, and 6. Serum samples were collected every week after initial immunization, and the anti-spike, anti-RBD, neutralizing
antibody, and the receptor-blocking antibody titers were measured. Receptor-blocking titers were quantified by CSBT. Antibody titers are shown as geometric means
with 95% CI. A Kruskal-Wallis test was used for intergroup statistical comparison and corrected for multiple comparisons used Dunn's method.

[median inhibitory dilution (IDsp) = 5368] than the others (IDs, range:
9363 to 37,078) was a possible explanation for the insufficient pro-
tection of this animal individual. However, the lung viral titer of the
FV002 hamster remained markedly lower than those from sham con-
trols. The nucleocapsid immunostainings in the lungs were largely
consistent with viral titer profiles (fig. S7D). Pathological examina-
tion of the lung sections by hematoxylin and eosin (H&E) staining
demonstrated typical features of moderate-to-severe interstitial
pneumonia in sham controls (fig. S7E). In contrast, vaccinated animals
only showed slight histological changes with reduced pathological
severity (fig. STE).

To further evaluate the protective efficacy of StriFK-FH002C and
to reveal the role of FH002C adjuvant, hamsters were immunized three
times with StriFK-FHO002C or StriFK-AI001 (n = 8 each) and subse-
quently challenged with SARS-CoV-2 (Fig. 4A). The neutralizing
and receptor-blocking antibody titers in StriFK-FHO002C vaccinated
animals were about fourfold higher than that in StriFK-AI001-
vaccinated animals (Fig. 3). The average weight loss at 5 dpi was
9.0, —0.04, and 0.17% in the unvaccinated controls, the StriFK-
FH002C group, and the StriFK-AI001 group, respectively (Fig. 4B).
The weight loss was markedly lower in both vaccinated groups com-
pared to unvaccinated controls (P < 0.0001 for both comparisons) and
showed no difference between the StriFK-FH002C and StriFK-AI001
groups (P = 0.39). Infectious virus was detected in the lungs of all
unvaccinated animals. In the lung tissues of vaccinated hamsters, no
infectious virus was detected (Fig. 4C).

Consistent with infectious virus titers, viral RNA concentrations
were profoundly reduced in lung tissue from vaccinated hamsters
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compared to the controls (Fig. 4D). In trachea and nasal turbinate
tissues, StriFK-FH002C— and StriFK-Al001-immunized hamsters ex-
hibited a larger reduction in viral RNA relative to controls (Fig. 4E).
No differences were observed between sexes for vaccination-mediated
protection. Gross lung pictures demonstrated multifocal diffuse
hyperemia and consolidation in the lungs of controls, and the
apparent lesions were markedly diminished in both vaccinated groups
(fig. S8). Histopathological examinations observed pulmonary con-
solidation, alveolar destruction, and diffuse inflammation in about
20 to 30% of lungs from female controls and 50 to 60% of lungs
from male controls. In comparison to controls, vaccinated animals
only showed mild inflammation in limited areas of lungs and had
minimal pneumonia pathology in most areas of the lung (Fig. 4F).
The pathological severity scores of vaccinated hamsters were slightly
higher than that of unchallenged animals (fig. S9, A and B) but were
significantly lower than virus-infected controls (P < 0.05 for both
vaccine groups; fig. S9B). These results demonstrated that StriFK-
FH002C immunization protected hamsters from SARS-CoV-2 virus
infection and pathology.

StriFK-FH002C reduces transmission of SARS-CoV-2 between
cohoused hamsters

We next assessed whether StriFK-FH002C could protect against
SARS-CoV-2 transmission in hamsters (Fig. 5A). Unvaccinated
control hamsters cohoused with infected hamsters exhibited peak
weight loss on day 4 after contact exposure (Fig. 5B). In contrast,
weight loss was diminished in both vaccinated groups (StriFK-
AI001 versus controls, P = 0.0091; StriFK-FH002C versus controls,
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Fig. 4. Three immunizations with StriFK-FHO02C and StriFK-AI001 protect against intranasal SARS-CoV-2 challenge in hamsters. (A) Schematic of the direct virus
challenge study. A total of 24 hamsters (half males and half females), including 8 unvaccinated animals [unvaccinated controls (UC), C001 to C008], 8 animals vaccinated three
times with StriFK-FH002C (FV007 to FV014), and 8 animals vaccinated three times with StriFK-AI001 (AV001 to AV008), were intranasally challenged with 1 x 10* PFU of SARS-
CoV-2. All animals were euthanized for tissue analyses at 5 dpi. (B) Changes in body weight after virus challenge were plotted. The average weight loss of each group at 5 dpi
isindicated as a colored number. Data are means + SEM. (C) Infectious viral titers were quantified in lung regions proximal (top) or distal (bottom) to the pulmonary hilum.
(D) Viral RNA concentrations from lung regions proximal (top) or distal (bottom) to the pulmonary hilum were quantified. (E) Viral RNA concentrations in lysates of the trachea
(top) and nasal turbinate (bottom) from hamsters were quantified. Data are means + SEM. The difference between the groups was analyzed by Kruskal-Wallis test and corrected
for multiple comparisons using Dunn's method. (F) H&E-stained lung sections collected from virus-challenged hamsters. Views of the whole lung lobes (four independent
sections) are presented in the top panel (scale bars, 20 mm), and the areas in the black box were enlarged in the bottom panel (scale bars, 1 mm).

P < 0.0001), and it changed to a lesser degree (P = 0.017) in the vaccinated hamsters had lower viral RNA concentrations in the lung,
StriFK-FH002C group than in the StriFK-AI001 group. None of the  trachea, and nasal turbinate compared to unvaccinated controls
vaccinated animals had detectable infectious virus in their lungs at day ~ (Fig. 5, D and E). Gross lung images (fig. S10) and pathological analy-
5 after exposure, in contrast to control animals (Fig. 5C). Furthermore,  ses (Fig. 5F) indicated that control hamsters had extensive lung
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Fig. 5. Three immunizations with StriFK-FHO02C and StriFK-AIO01 reduces SARS-CoV-2 transmission in cohoused hamsters. (A) Schematic of virus transmission
study. First, 24 hamsters were preinfected with 1 x 10* PFU of SARS-CoV-2 as virus donors. One day later, four donors were cohoused with four vaccinated or control
hamsters for a 5-day follow-up. A total of 24 hamsters (male/female = 1:1), including 8 unvaccinated animals (UC, C009 to C016) and 16 immunized animals, which re-
ceived either three doses of StriFK-FH002C (n =8, FV015 to FV022) or StriFK-Al001 (n =8, AV009 to AV016), were exposed to SARS-CoV-2—infected donors. (B) Changes in
body weight after cohoused exposure. The average weight loss of each group at 4 dpi (the time point that controls showed maximum percent weight loss) is indicated
as a colored number. Data are means + SEM. (C) Infectious viral titers were quantified from lung tissue proximal (top) or distal (bottom) to the pulmonary hilum. (D) Viral
RNA concentrations are shown for lung tissue proximal (top) or distal (bottom) to the pulmonary hilum. (E) Viral RNA concentrations in lysates of the trachea (top) and
nasal turbinate (bottom) tissues from hamsters. Data are means + SEM. The difference between the groups was analyzed by Kruskal-Wallis test and corrected for multiple
comparisons using Dunn's method. (F) H&E-stained lung sections collected from cohoused hamsters. Views of the whole lung lobes (four independent sections) are
presented in the top panel (scale bars, 20 mm), and the areas in the black box were enlarged in the bottom panel (scale bars, 1 mm).
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damage with consolidated lesion and inflammatory cell infiltration
across larger areas, which was similar to that observed in hamsters
directly challenged with intranasal SARS-CoV-2. In contrast, both
vaccines prevented tissue damage to a large degree, with mild peri-
vascular and alveolar infiltration observed in very few areas (Fig. 5F).
There was no difference between the lung pathological severity scores
of vaccinated hamsters and unchallenged animals (P > 0.99 for both
vaccine groups), suggesting efficient protection of vaccination from
SARS-CoV-2-induced lung pathology (fig. S9B).

The potential for StriFK-FH002C vaccination to reduce virus
transmission from vaccinated, subsequently infected donors to un-
vaccinated controls was also evaluated. In this experiment, both StriFK-
FHO002C—vaccinated and unvaccinated control hamsters were challenged
with intranasal SARS-CoV-2 to serve as potential virus donors. One
day later, virus-challenged animals were cohoused with unvaccinated
hamsters separated by a double-layer ventilated fence in the same
cage (Fig. 6A). Hamsters cohoused with unvaccinated donors exhibited
maximal weight loss on day 7 after exposure, whereas the hamsters
cohoused with vaccinated donors exhibited increased weight (Fig. 6B).
On day 5 after exposure, infectious virus was detected in the lungs
of all four animals that were cohoused with unvaccinated donors. In
contrast, only 2 of 4 (50%) animals that were cohoused with vacci-
nated donors showed evidence of infectious virus in their proximal-
hilum lung tissues (Fig. 6C). On day 7 after exposure, no infectious
virus was detected in the lungs of animals in either group. Moreover, all
hamsters cohoused with unvaccinated donors showed a high con-
centration (>10 copies/ml) of viral RNA in their lung tissue on both
days 5 and 7 after exposure. For hamsters cohoused with vaccinated
donors, 4 of 8 (50%) exhibited low viral RNA concentrations (<10*
copies/ml) in the lungs (Fig. 6D). Further H&E-staining analyses
revealed that the lungs from hamsters cohoused with unvaccinated
donors had multifocal lung damage, whereas only minimal patho-
logical lesions were observed in lung tissues from animals cohoused
with vaccinated donors (Fig. 6E and fig. S9B). These results demon-
strated that StriFK-FH002C vaccination not only could protect vac-
cinated animals from SARS-CoV-2 infection but also had an effect
in reducing virus transmission from vaccinated to unvaccinated
animals.

The protective efficacy of StriFK-FH002C vaccination

was correlated with neutralizing and receptor-blocking
antibody titers

Using pooled samples (Figs. 4 and 5), we analyzed associations be-
tween StriFK-elicited functional antibody titers and indices for pro-
tective efficacy. We demonstrated that the serum titers (before the
virus challenge) of neutralizing antibody and receptor-blocking an-
tibody were negatively correlated with viral RNA concentrations in
tissues of nasal turbinate, trachea, and lung from virus-challenged
hamsters (fig. S11). We also compared the serum antibody titers of
hamsters before and after the SARS-CoV-2 challenge (Fig. 7, A
and B). Control hamsters showed an average of 24-fold (P < 0.0001)
and 5.4-fold (P < 0.0001) increase in neutralizing antibody and
receptor-blocking antibody, whereas the StriFK-Al001-immunized
animals presented only 2.8-fold (P < 0.0001) and 1.4-fold (P =
0.0042) elevation in corresponding antibody markers. The StriFK-
FHO002C—-immunized hamsters showed no significant increase in
either neutralizing antibody (P = 0.23) or receptor-blocking antibody
(P = 0.74) concentrations after SARS-CoV-2 challenge (Fig. 7, A
and B). We next asked whether StriFK-FH002C or StriFK-AI001
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vaccination induced anamnestic antibody responses, which are as-
sociated with less efficient neutralizing antibody responses. Evidence of
anamnestic antibody responses can be shown by an increase in neu-
tralizing antibody titers after infection. Using a twofold increase in
neutralizing antibody titers as a cutoff (where a greater than twofold
increase indicates the presence of an anamnestic response), we con-
cluded that there was no evidence of an anamnestic response in
15 of 16 animals in the StriFK-FH002C—vaccinated group or in 6 of
16 animals in the StriFK-AI001-vaccinated group (Fig. 7A). We also
measured the serological antibodies against SARS-CoV-2 nucleo-
capsid protein (NP) for these animals. Among vaccinated or control
animals challenged directly with intranasal SARS-CoV-2, anti-NP
seroconversion was observed in most serum pairs of tested animals
(23 of 24; fig. S12A), which may be attributed to the direct immune
stimulation derived from the free NP proteins in unpurified virus
supernatants. In contrast, among animals involved in the contact
transmission experiment, anti-NP seroconversion was observed in
eight (100%), two (25%), and zero hamsters in the unvaccinated
group, StriFK-AI001 group, and StriFK-FH002C group, respectively
(fig. S12B). Overall, these data suggested that sterilizing immunity
to SARS-CoV-2 may have been conferred by StriFK-FH002C im-
munization, at least in a subset of animals evaluated. The pooled
antibody data in mice, hamsters, and nonhuman primates showed
that the neutralizing antibodies induced by StriFK-FH002C in animals
were about 30- to 250-fold higher than that of convalescent plasma
isolated from humans diagnosed with COVID-19 (Fig. 7C).

DISCUSSION

In this study, we systematically evaluated the immunogenicity and
protective efficacy of a recombinant SARS-CoV-2 subunit vaccine
candidate, StriFK-FHO002C, in three ani