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Abstract

The spike (S) protein of coronavirus, which binds to cellular receptors and
mediates membrane fusion for cell entry, is a candidate vaccine target for
blocking coronavirus infection. However, some animal studies have suggested
that inadequate immunization against severe acute respiratory syndrome
coronavirus (SARS-CoV) induces a lung eosinophilic immunopathology upon
infection. The present study evaluated two kinds of vaccine adjuvants for use
with recombinant S protein: gold nanoparticles (AuNPs), which are expected to
function as both an antigen carrier and an adjuvant in immunization; and Toll-
like receptor (TLR) agonists, which have previously been shown to be an
effective adjuvant in an ultraviolet-inactivated SARS-CoV vaccine. All the mice
immunized with more than 0.5pug S protein without adjuvant escaped from
SARS after infection with mouse-adapted SARS-CoV; however, eosinophilic
infiltrations were observed in the lungs of almost all the immunized mice. The
AuNP-adjuvanted protein induced a strong IgG response but failed to improve
vaccine efficacy or to reduce eosinophilic infiltration because of highly allergic

inflammatory responses. Whereas similar virus titers were observed in the

Abbreviations: ANOVA, analysis of variance; AuNPs, gold nanoparticles; BSPP, bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt;
DLS, dynamic light scattering; ELISA, enzyme-linked immunosorbent assay; FI-RSV, formalin-inactivated respiratory syncytial virus; FBS, fetal
bovine serum; GM-CSF, granulocyte macrophage colony-stimulating factor; HA, hemagglutinin; HRP, horseradish peroxidase; IFN-y, interferon
gamma; IgG, immunoglobulin G; IP-10, gamma interferon-induced protein 10; KC, neutrophil-related chemokine; MCP-1, monocyte chemotactic
protein-1; MEM, Eagle's minimum essential medium; MERS-CoV, Middle East respiratory syndrome coronavirus; MIG, monokine induced by
gamma interferon; MIP-1a, macrophage inflammatory protein 1 alpha; OD, optical density; PBS, phosphate-buffered saline; PVDF, polyvinylidene
difluoride; RANTES, regulated on activation, normal T cell expressed and secreted; RT, room temperature; SARS-CoV, severe acute respiratory
syndrome coronavirus; SD, standard deviation; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; S protein, spike protein;
TCIDs, 50% tissue culture infectious dose; Th, T helper cell; TLR, Toll-like receptor; TNF-a, tumor necrosis factor alpha; UV, ultraviolet.
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1 | INTRODUCTION

Severe acute respiratory syndrome coronavirus (SARS-
CoV)'® and Middle East respiratory syndrome corona-
virus (MERS-CoV)’™® cause severe pneumonia in hu-
mans. Currently, no vaccines or therapeutics are licensed
for use against these coronaviruses. The spike (S) protein
of coronaviruses binds to cellular receptors and mediates
membrane fusion for cell entry.'®'* Antibodies against S
protein can block virus binding and fusion, and
neutralize virus infection.'>”'® Thus, the S protein is a
candidate vaccine target for blocking coronavirus infec-
tion.'"'82¢ However, some animal studies have sug-
gested that insufficient protective immunity against
SARS-CoV may induce an eosinophilic immunopathol-
ogy in the lungs after the infection.?”*°

Enhanced lung eosinophilic immunopathology be-
came a problem in the 1960s, when a formalin-
inactivated respiratory syncytial virus (FI-RSV) vaccine
combined with alum adjuvant was injected intramuscu-
larly into children to immunize them against RSV.?**?
This outcome resulted in increased mortality due to
enhanced respiratory disease upon subsequent RSV
infection in immunized children. This increased mortal-
ity is thought to be due to a skewing of the immune
response toward a Th2 response with enhanced eosino-
phil infiltration. In addition, the production of nonpro-
tective antibodies in response to the FI-RSV vaccine may
have been due to poor Toll-like receptor (TLR) stimula-
tion.>* In a previous study, we showed that a UV-
inactivated SARS-CoV vaccine induced a strong Th2-
skewed immune response and that TLR agonists could
limit the development of a lung eosinophilic immuno-
pathology.**

In this study, we produced a recombinant tagged
protein containing the ectodomain of the SARS-CoV S
protein via a baculovirus expression system. We then
evaluated the efficacy of the vaccine and its potential to
induce a lung eosinophilic immunopathology in our
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control animals and the animals immunized with S protein with or without
AuNPs, Type 1 interferon and pro-inflammatory responses were moderate in
the mice treated with S protein with and without AuNPs. On the other hand,
the TLR agonist-adjuvanted vaccine induced highly protective antibodies
without eosinophilic infiltrations, as well as Th1/17 cytokine responses. The
findings of this study will support the development of vaccines against severe
pneumonia-associated coronaviruses.

adjuvant, coronavirus, eosinophils, gold nanoparticles, immunopathology, mouse model

murine SARS model.>> The recombinant S protein-
induced antibodies protected against SARS-CoV infec-
tion; however, a lung eosinophilic immunopathology was
observed in the lungs of immunized mice after SARS
infection. Thus, even with the S protein vaccine, an
adjuvant is required to prevent lung eosinophilic
immunopathology following SARS-CoV infection.
Nanoparticle-based vaccines have been expected to
improve vaccine efficacy, immunization strategies, and
targeted delivery to promote immune responses.**®
Gold nanoparticles (AuNPs) have become the choice for
immunotherapy applications because their physicochem-
ical properties prevent antibody production against the
platform material.***° Furthermore, some in vitro and in
vivo studies have revealed that various immune cells,
including macrophages, dendritic cells, and lymphocytes,
are stimulated by AuNPs leading to the production of
pro-inflammatory cytokines (i.e., IL-1f and TNF-a) and
Th1 cytokines (IFN-y and IL-2).*° Thus, in this study, we
evaluated two kinds of vaccine adjuvants, including
AuNPs, which are expected to function as both an
antigen carrier and an adjuvant in immunization; and
TLR agonists, which have previously been shown to
function as an adjuvant to increase the efficacy of an
ultraviolet (UV)-inactivated SARS-CoV vaccine.**

2 | MATERIALS AND METHODS

2.1 | Ethics statement

All experiments involving recombinant DNA and patho-
gens were approved by the Committee for Experiments
using Recombinant DNA and Pathogens at the National
Institute of Infectious Diseases, Tokyo, Japan. The animal
studies were carried out in strict accordance with the
Guidelines for Proper Conduct of Animal Experiments of
the Science Council of Japan. The animal experiments
were conducted in strict compliance with animal
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husbandry and welfare regulations. All animals were
housed in a Japan Health Sciences Foundation-certified
facility. All animal experiments were approved by the
Committee on Experimental Animals at the National
Institute of Infectious Diseases in Japan (approval no.
115101, 116077, and 118124), and all experimental
animals were handled in biosafety level 3 animal facilities
according to the guidelines of this committee (approval
no. 15-32, 16-18, 18-24, and 19-15).

2.2 | Cells and viruses

Tn5 cells (BTI-TN-5B1-4 [High Five |), derived from
Trichoplusia ni,*** were maintained in TC-100 medium
(Shima Laboratories, Tokyo, Japan) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Sigma-
Aldrich Japan, Tokyo, Japan) and 1% kanamycin
(Thermo Fisher Scientific, Waltham, MA) and 2%
tryptose phosphate broth (Thermo Fisher Scientific) at
27°C. Insect Sf9 cells, derived from Spodoptera frugiper-
da,** were kindly provided by Dr Yoshiharu Matsuura
(Osaka University, Osaka, Japan), and were maintained
in Sf-900II SFM (Thermo Fisher Scientific) supplemented
with 10% heat-inactivated FBS and 1% kanamycin
(Thermo Fisher Scientific) with incubation at 27°C.

Vero E6 cells, derived from African green monkey
kidney (ATCC No. CRL-1586; American Type Cell
Collection, Manassas, VA), were cultured in Eagle's
minimum essential medium (MEM; Sigma-Aldrich Ja-
pan) containing 5% FBS (Sigma-Aldrich Japan), 501U/
mL penicillin G, and 50 ug/mL streptomycin (5% FBS-
MEM; Thermo Fisher Scientific). Stocks of a mouse-
passaged Frankfurt 1 isolate of SARS-CoV, F-musX-
VeroE6, were propagated twice and titrated on Vero E6
cells prior to cryopreservation at —80°C, as described
previously.® Viral infectivity titers are expressed as the
50% tissue culture infectious dose (TCIDs,)/mL on Vero
E6 cells and were calculated according to the Behrens—-
Kérber method. All work with infectious SARS-CoV was
performed under biosafety level 3 conditions.

2.3 | Recombinant SARS S protein

Recombinant coronavirus S protein was prepared using a
baculovirus expression system as described previously.***
The sequence of the coronavirus S protein was obtained
from the SARS-CoV Frankfurt 1 strain (NCBI accession no.
AY291315). The nucleotide sequence encoding amino acids
1-1194 of the SARS-CoV S protein ectodomain was tagged
at the C-terminus with a Strep-tag and an 8xHis-tag, and
cloned into the transfer vector pAcYM1 (kindly provided by
Dr Y. Matsuura, Osaka University*®). The predicted
molecular weight of the recombinant S protein was
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135 kDa. Recombinant baculovirus was produced in insect
Sf9 cells using BD Baculo Gold Linearized Baculovirus
DNA (BD Biosciences, Franklin Lakes, NJ) with UniFector
reagent (B-Bridge International, Santa Clara, CA) according
to the manufacturer's instructions. Next, insect Tn5 cells
were infected with the recombinant baculovirus to produce
recombinant S protein. Four days after the infection, the
recombinant S protein was purified from the culture
supernatant via affinity chromatography using an AKTA-
prime plus system with PrimeView software (GE Health-
care Japan, Tokyo, Japan) and then collected using a
HisTrap excel column (GE Healthcare Japan).

2.4 | Protein analysis

The purified protein was heated in sample buffer solution
with 2-mercaptoethanol (Wako, Tokyo, Japan) at 90°C
for 3min and then size fractionated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
on a 4—12% polyacrylamide gel (Thermo Fisher Scien-
tific). The proteins were then stained with Coomassie
Brilliant Blue staining solution (Bio-Rad, Hercules, CA).

For western blotting, proteins fractionated via 4—12%
SDS-PAGE were transferred to a polyvinylidene difluor-
ide membrane (Merck Millipore, Burlington, MA). The
membrane was incubated in blocking reagent (Toyobo,
Osaka, Japan) for 1hr at room temperature (RT) to
improve the signal. A rabbit antibody against SARS S
glycoprotein (1:500, ab22156; Abcam, Cambridge, UK)
and the anti-His-tag mouse horseradish peroxidase
(HRP)-DirecT antibody (1:5000, OGHis, D291-7; MBL
Life Science, Nagoya, Japan) were used as the primary
antibodies. After incubation with the primary antibodies
for 1 hr at RT, the membrane was treated with a HRP-
conjugated secondary antibody (1:4000, ab7090; Abcam)
for 1hr at RT. After washing with 0.05% Tween 20 in
Tris-buffered saline (Wako), the proteins were detected
using Immobilon western chemiluminescent HRP sub-
strate (Merck Millipore), and images were captured with
an LAS 4000 luminescent image analyzer (Fujifilm,
Tokyo, Japan). The concentration of the purified protein
was measured using a Pierce BCA protein assay kit
(Thermo Fisher Scientific) and the Nano Drop 1000
microvolume UV-Vis spectrophotometer (Thermo Fisher
Scientific).

25 |
251 |

AuNP-protein complex (S+AuNP)
Conjugation of protein to AuNPs

Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotas-
sium salt (BSPP) coating of gold nanoparticles was carried
out according to the previous literature with some
modifications.*> AuNPs were prepared as a commercial
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gold colloid with diameters of 40nm (EMGC40; BBI
Solutions, South Wales, UK) and 100 nm (EMGC100; BBI
Solutions). BSPP (5mM for 40nm AuNPs, 7.5mM for
100 nm AuNPs; Merck Millipore) was mixed with the gold
colloid (particle concentration, 0.15 nM) overnight at room
temperature with shaking. After centrifugation of the
mixture two times at 2000Xg for 10 min to remove the
excess BSPP, the pellet was resuspended in distilled water at
a concentration of 0.25nM. The AuNPs were passed
through a 0.22 pm filter (MILLEX-GV, Merck Millipore).
The purified recombinant S protein was added to the BSPP-
coated AuNPs, and the mixture was incubated at room
temperature for 1 hr for adsorption. Dynamic light scatter-
ing (DLS) was measured using a hydrodynamic diameter
(ELSZ-2000; Otsuka Electronics, Osaka, Japan). Measure-
ments were performed at 25°C in a disposable UV cuvette
(UVC-Z8.5; VIOLAMO, AS ONE, Osaka, Japan) using a
sample volume of 100 uL. For animal immunization, the
mixture was added to 3-fold-diluted phosphate-buffered
saline in distilled water (3x PBS). To maintain the final
concentrations of the protein with AuNPs for animal
immunization, we used the mixture without further
purification (i.e., the mixture after centrifugation and wash
with PBS).

2.5.2 | Quantification of the
AuNP-adsorbed protein

After adsorption of 0.1 pug S protein with 2 fmol of 40 nm
AuNPs in 3% PBS (referred to as S+AuNPs), the protein on
the AuNPs was quantified. The S+AuNP solution was
concentrated via centrifugation at 2000xg for 10 min at RT,
and the supernatant was then removed (Supl). After
washing with 3x PBS twice (Sup2), the pellet was
resuspended in 3x PBS, and SDS-PAGE sample buffer
was added to extract the proteins from the surface of the
AuNPs. After heating at 95°C for 5min to denature the
proteins, the solution was centrifuged at 6000xg for 5 min
at RT to completely precipitate the AuNPs (Binding S). The
supernatants were subjected to SDS-PAGE with S protein
samples of known concentrations (S protein was adjusted to
5ng/uL, and 50ng/lane was subjected to SDS-PAGE
followed by western blotting) and then analyzed via western
blotting with an anti-His antibody. The immunoreactive
proteins were detected and quantified via densitometry
using a 4000 luminescent image analyzer (Fujifilm).

253 |

Purified S protein, AuNPs, and S+AulNPs in 3x PBS were
observed under transmission electron microscopy. Samples
on glow-discharged carbon-coated Cu grids (Veco grids;
Nisshin EM, Tokyo, Japan) were stained with 2%

Electron microscopy
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phosphotungstic acid (Wako). Data were collected using
an HT7700 transmission electron microscope (Hitachi,
Tokyo, Japan) operating with an electron beam at 80 kV
and a magnification of 10,000.

2.6 |
2.6.1 |

Animal experiments
Immunization

To confirm the immunogenicity of the purified recombi-
nant S protein, BALB/c mice (female, 6 weeks old [Japan
SLC, Shizuoka, Japan]; n=6-7; total, 25) were immu-
nized subcutaneously twice at 2 week intervals with 1,
0.5, 0.1, or 0.05 ug doses of the protein in 100 uL PBS.

To evaluate the final concentrations of AuNPs and S
protein for animal immunization, S protein was added to
a 0.1nM solution of BSPP-coated AuNPs. The final
concentrations of the protein with AuNPs for animal
immunization were as follows: for experiment 1, 0.5 ug of
S protein in a 0.1 nM solution of AuNPs was prepared
and diluted 5-fold or 10-fold. Immunization doses per
mouse were as follows: 0.5ug S protein with 10 fmol
AuNPs, 0.1 pg S protein with 2 fmol AuNPs, and 0.05 ug S
protein with 1fmol AuNPs; for experiment 2, 0.5ug,
0.1 ug, or 0.05 ug of S protein with 10 fmol AuNPs. The
animal experiments were conducted by subcutaneously
immunizing BALB/c mice (7-week-old, female; n =6-7,
total 38 mice) at approximately 3 week intervals.

To evaluate the optimum AuNP diameter for animal
immunization, 100 nm and 40 nm AuNPs were prepared.
Purified S protein with 2 fmol BSPP-coated AuNPs was
used for immunization. BALB/c mice (7 weeks old,
female; n=6-7, total 13) were subcutaneously immu-
nized twice at 2 week intervals.

To assess the effects of the adjuvants, the purified S
protein was formulated with AuNPs or TLR agonists at
0.1pug per dose. The TLR agonists consisted of 1pg
lipopolysaccharide (LPS; Sigma-Aldrich, St Louis, MO),
2.5 pg poly(I:C) (Invitrogen, San Diego, CA), and 0.1 ug poly
(U) (Invitrogen) in PBS per immunization.*>** Female
BALB/c mice (female, 13-week-old; Japan SLC, n=6-7,
total, 26) were immunized subcutaneously twice at 2 week
intervals with S+AuNPs, S+TLR, S protein, or PBS.

Control mice were injected subcutaneously with PBS
with or without 2 fmol AuNPs twice at 2 week intervals.
Two weeks after each immunization, serum samples were
collected from all mice for measurement of the antibody
response.

2.6.2 | Virus infection of immunized

mice

Approximately 3 weeks after the second immunization,
the mice were anesthetized via intraperitoneal injection
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of a mixture of 1.0mg ketamine (Daiichi Sankyo
Company, Tokyo, Japan) and 0.02mg xylazine
(0.08 mL/10 g of body weight; Byer Japan, Osaka, Japan).
These mice were then inoculated intranasally with SARS-
CoV (10° TCIDs, in 30 uL of 2% FBS-MEM). The infected
mice were then observed for clinical signs of infection,
and their body weight was measured daily for 10 days
(n=6-7 mice; total, 51 immunized mice). To analyze
viral replication, cytokine expression, and pathology, the
animals were killed at various time points after inocula-
tion (n = 3-5 mice per group; total, 51).

Viral inoculations were performed under anesthesia,
and all efforts were made to minimize potential pain and
distress. After inoculation, the animals were monitored
once a day during the study. The humane endpoint was
defined as the appearance of clinically diagnostic signs of
respiratory stress, including respiratory distress, and
weight loss of more than 25%. Animals were euthanized
under anesthesia with an overdose of isoflurane if severe
disease symptoms or weight loss was observed.

2.7 | Virus titration

Lung tissue homogenates (10%, wt/vol) were prepared in
2% FBS-MEM. The samples were clarified via centrifuga-
tion at 740xg for 20min, and the supernatant was
inoculated onto Vero E6 cell cultures for virus titration.

2.8 | Antibody assays

Sera were obtained from preimmunized mice and
immunized mice 2 weeks after the second immunization.
After inactivation of the serum samples at 56°C for
30 min, they were stored at —80°C until the assays were
performed.

2.8.1 |
assays

Enzyme-linked immunosorbent

To assess the specificity of the IgG produced by the
immunized mice, recombinant SARS-CoV S protein
(for antigen-specific IgG), and UV-inactivated SARS-
CoV (for virus-specific IgG) were used as enzyme-
linked immunosorbent assays (ELISAs) antigens.
These antigens were used in conventional ELISAs as
described previously.** Briefly, 96-well assay plates
(Corning Inc., Corning, NY) were coated with 50 ng of
purified S protein or 4 ug of UV-inactivated SARS-CoV
in a coating buffer (pH 7.4; Thermo Fischer Scien-
tific). The plates were then washed three times with
PBS containing 0.05% Tween 20 (PBS-T; Sigma-
Aldrich). BlockAce (DS Pharma Biomedical K.K.,
Osaka, Japan) was added to each well, and the plates
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were incubated for 2 hr at 37°C. The serum samples
were serially diluted (10-fold or 2-fold) in PBS-T with
4x BlockAce from 1:10 to 1:10'° for the antigen-
specific IgG ELISA or from 1:10 to 1:5120 for the
virus-specific IgG ELISA. The diluted samples were
added to the plates, which were then incubated for
1 hr at 37°C. After three washes with PBS-T, the wells
were further incubated with HRP-conjugated anti-
mouse IgG (Thermo Fischer Scientific) antibody
(diluted 1:1000 in PBS-T with 4x BlockAce). After
three washes with PBS-T, ABTS substrate (Roche,
Basel, Switzerland) was added to the wells, and the
plates were incubated for 30 min at 37°C. The optical
density (OD) of each well was measured at 405 nm
using a microplate reader (Model 680, Bio-Rad). The
cut-off value calculated from the mean OD value plus
three standard deviations (mean + 3 SD) was deter-
mined for each dilution using serum samples from
preimmunized mice. The IgG titer was defined as the
reciprocal of the highest dilution at which the OD
value was higher than the cut-off value.

2.8.2 | Neutralizing antibody test

Serum samples were 2-fold diluted over a range of 1:4
to 1:256 in 2% FBS-MEM. Each sample was mixed
with virus solution (F-musX-VeroE6 of 100 TCIDs,
per well), and the mixtures were incubated for 1 hr at
37°C for neutralization. After incubation, the mix-
tures were inoculated onto monolayers of VeroE6 cells
in 96-well culture plates, followed by incubation at
37°C with 5% CO, for 3 days. The cells were then
examined for cytopathic effects. The sera titers of
neutralizing antibodies were calculated as the reci-
procal of the highest dilution at which no cytopathic
effects were observed.

29 |

Mice were anesthetized and perfused with 2 mL of 10%
phosphate-buffered formalin (Wako). The lungs were
harvested, fixed, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin. Eosinophils were
identified via Astra Blue/Vital New Red staining, a
combined eosinophil/mast cell stain (C.E.M. Stain Kit;
DBS, Pleasanton, CA). Using the Astra Blue/Vital New
Red-stained slides, the peribronchiolar area in five
147,000 um? sections was assessed by light microscopy
using a DP71 digital camera and cellSens software
(Olympus, Tokyo, Japan), and the numbers of eosino-
phils counted in the lungs of each mouse were averaged
as described previously.**

Histopathology and histochemistry
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2.10 | Detection of inflammatory
cytokines and chemokines

The levels of cytokines and chemokines in mouse lung
homogenates (10%, wt/vol) were measured using a custom
mouse cytokine/chemokine magnetic bead panel 96-well
plate assay kit (Milliplex MAP kit, Merck Millipore), which
includes 21 cytokines and chemokines: eotaxin, interferon
gamma (IFN-y), interleukin 1 alpha (IL-1cr), IL-1f3, IL-2, IL-4,
IL-5, IL-6, IL-10, IL-12p40, IL-12p70, IL-13, IL-17, gamma
interferon-induced protein 10 (IP-10), neutrophil-related
chemokine KC (KC), monocyte chemotactic protein-1
(MCP-1), macrophage inflammatory protein 1 alpha (MIP-
1a), granulocyte macrophage colony-stimulating factor (GM-
CSF), monokine induced by gamma interferon (MIG),
regulated on activation, normal T cell expressed and secreted
(RANTES), and tumor necrosis factor alpha (TNF-c). The
assay samples were read on a Luminex 200" instrument
with XPONENT software (Merck Millipore), as described by
the manufacturer.

2.11 | Quantitative real-time reverse
transcription polymerase chain reaction

To measure the levels of Type 1 IFN messenger RNA
(mRNA) expression, RNA was extracted from 10% (w/v)
lung homogenates from virus-infected mice using an RNeasy
Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer's instructions. The levels of mRNAs encoding
IFN-a and IFN-8 were examined via real-time reverse
transcription-polymerase chain reaction (RT-PCR) using an
ABI Prism 7900HT Fast real-time PCR system (Applied
Biosystems, Foster City, CA). The TagMan probes and
primers were as follows: IFN-a4 (forward, CAACTCTA
CTAGACTCATTCTGCAAT; reverse, AGAGGAGGTTCC
TGCATCACA; probe, ACCTCCATCAGCAGCTCAATGAC
CTCAAA), IFN-§ (forward, GCTCCTGGAGCAGCTGAA
TG; reverse, TCCGTCATCTCCATAGGGATCT; probe,
TCAACCTCACCTACAGGGCGGACTTC), and f-actin (for-
ward, ACGGCCAGGTCATCACTATTG; reverse, CAAGA
AGGAAGGCTGGAAAAGA; probe, CAACGAGCGGTTCC
GATGCCC). The reaction conditions have been described
previously.>**® Briefly, reaction mixtures were incubated at
50°C for 30 min, followed by an incubation at 95°C for
15min and thermal cycling, consisting of 40 cycles of
denaturation at 94°C for 15 s, and annealing and extension at
60°C for 60 s. The expression of each gene was normalized to
that of B-actin.

2.12 | Statistical analysis

Data are expressed as the mean and standard error of the
mean. The statistical analyses were performed using
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Graph Pad Prism 8 software (GraphPad Software, La
Jolla, CA). Body weight curves, virus titers, eosinophil
counts, and multiplex assay results were analyzed using
one-way or two-way analysis of variance (ANOVA).
Tukey's multiple comparisons test was used to compare
the results from each group. The results of the antibody
titer assays were analyzed using nonparametric tests, that
is, Dunn's multiple comparisons test following the
Kruskal-Wallis test. A value of P < 0.05 was considered
statistically significant.

3 | RESULTS
3.1 | Expression of recombinant tagged
S protein

A recombinant tagged protein that included the ectodo-
main of the SARS-CoV S protein was generated using a
baculovirus expression system. The S protein of SARS-
CoV contains a large amino-terminal ectodomain and a
short carboxy-terminal endodomain bridged with a
hydrophobic transmembrane domain (Figure 1a). The
ectodomain of the S protein is extensively glycosylated
with N-linked glycosylation and has been reported to be
important for interactions with receptors on the surface
of host cells.***” In addition, to avoid insoluble protein
expression caused by numerous hydrophobic amino
acids, the transmembrane domain including the car-
boxy-terminal endodomain was removed from the
recombinant spike protein (Figure 1a). Higher expression
was obtained from a construct encoding a recombinant
SARS-CoV S protein containing a Strep-8x his-tag at the
carboxyl terminus compared with that obtained from an
8x his-tagged construct. After purification of the recom-
binant tagged protein from culture supernatant via gel
filtration chromatography, the identity of the recombi-
nant protein, with an expected molecular weight of
135kDa, was confirmed via SDS-PAGE and western
blotting (Figure 1b).

3.2 | Immunogenicity of the
recombinant tagged SARS-CoV S protein in
mouse

To confirm the immunogenicity of the recombinant
SARS-CoV S protein, purified protein was used for
immunization into BALB/c mice. Groups of 6-7 mice
were immunized with different amounts of recombi-
nant S protein (1.0, 0.5, 0.1, or 0.05 ug per immuniza-
tion) and then challenged with mouse-adapted SARS-
CoV. Two weeks after the second immunization with
the SARS-CoV S protein, the dose-dependency of the
antigen-specific IgG production was assessed in all the
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FIGURE 1 Preparation of (a)
recombinant SARS spike protein. (a)

Schematic structure of the spike protein

and the recombinant protein (Strep-
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immunized mice (Figure 2a). Approximately 6 weeks
after the second immunization, all the mice (12 weeks
old at the time of the challenge) were intranasally
inoculated with mouse-adapted SARS-CoV. Nonimmu-
nized animals showed body weight reductions of
approximately 17% compared with the initial body
weight, and four of six mice were moribund and
were euthanized within 5 days postinoculation (dpi)
(Figure 2b). Two animals were fully recovered by 6 dpi.
On the other hand, all of the immunized animals
showed body weight loss within 2 dpi, and the animals
in the 1.0 and 0.5 pg immunized groups had recovered
by 4 dpi; however, three of seven mice in the 0.1 pg
immunized group and three of six in the 0.05pg
immunized group did not recover and were moribund.
Animals that survived had recovered fully by 5 or 6 dpi.
In summary, all the 1.0 and 0.5 ug-immunized mice
survived the infection with a lethal dose of mouse-
adapted SARS-CoV, while the mice in the 0.1 and
0.05 ug immunization groups did not (Figure 2c). Three
of seven mice in the 0.1 ug immunized group and
three out of six in the 0.05 ug-immunized group were

moribund and were euthanized within 6 dpi. No
animals were killed before meeting the criteria for
euthanasia.

In addition, we found eosinophilic infiltrations around
the bronchioles in the lungs from almost all the
immunized mice 10 days after the challenge infection
with SARS-CoV (Figure 3a,b). From our previous work
with a UV-inactivated SARS-CoV immunization model,
we speculated that insufficient immunization with the
recombinant S protein induced the eosinophil infiltration
in the lungs upon infection with mouse-adapted SARS-
CoV in this BALB/c mouse model.>* Therefore, we next
investigated the efficacy of vaccine adjuvants.

3.3 | Efficacy of adjuvants on vaccine
immunogenicity

We examined the effects of two types of vaccine adjuvants:
AuNPs, which are used as antigen carriers and adjuvants
for subunit vaccines (the S+AuNP-immunized group);
and TLR agonists (the S+TLR-immunized group). The
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FIGURE 2 Immunogenicity of the recombinant SARS S

protein in mice. Female BALB/c mice were subcutaneously
immunized with the purified recombinant S protein at 1.0, 0.5,
0.1, or 0.05 pg/immunization (n = 6-7). After the second
immunization, the mice were inoculated with 10° TCIDs, of
mouse-adapted SARS-CoV. (a) Antigen-specific IgG titer in the
sera 2 weeks after the second immunization. The detection
limit was 1:10. Each dot shows the data from an individual
animal. *P < 0.05. Tukey's multiple comparisons test following
by one-way ANOVA. (b) Body weight changes after SARS-CoV
challenge infection. *P < 0.05; ** P < 0.01; ***P < 0.001;

***%P < 0.0001. Comparison of the body weight changes with
those of the control group via Tukey's multiple comparisons
test following one-way ANOVA. (c) Survival curves after SARS-
CoV challenge. Comparisons of survival with respect to the
control group were performed using the log-rank test following
by Kaplan-Meier survival analysis. ANOVA, analysis of
variance; SARS-CoV; severe acute respiratory syndrome
coronavirus
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recombinant S protein was used at 0.1 pug/mouse for
immunization.

Conjugation of S protein to AuNPs was confirmed by
detecting changes in the diameter of the AuNPs after
BSPP coating and S protein binding by DLS (Table 1).
Then, the optimal AuNP concentration was determined
by measuring the virus-specific Ig G response (UV-
inactivated SARS-CoV was used as the ELISA antigen)
after the second immunization. Stable results were
obtained when 0.1 pug S protein + 2fmol AuNPs were
used to immunize BALB/c mice (Figure 4a,b). We also
evaluated the influence of the diameter of the AuNPs on
animal immunization. The effects of the size and shape of
the AuNPs on the immunological response was pre-
viously evaluated in a study of West Nile virus envelope
protein (WNV-E protein).>® The WNV-E protein-coated
40 nm spherical AuNPs induced sufficient levels of WNV-
E-specific antibodies. The WNV particle is around 40 nm
in diameter. We evaluated 100 nm spherical AuNPs with
a modified SARS-CoV particle, ranging from 50 to
200 nm in diameter.*® Animal experiments revealed that
there were no differences in the IgG response when
spherical AuNPs with diameters between 40 and 100 nm
were used for the immunization (Figure 4c). We used
0.1 ug S protein with 2fmol of 40 nm AuNPs in the
following experiments.

The amount of protein on the AuNPs was quantified
via western blot analysis after adsorption of S protein to
AuNPs (Figure 4d). We calculated the ratio of the amount
of AuNP-bound protein to the amount of free protein in
the S+AuNP solution via chemiluminescence-based
western blotting. Images were captured using an LAS
4000 Luminoimage analyzer (Fujifilm) and then analyzed
using the ImageQuant TL software (GE Healthcare).
The percentage of protein bound to the AuNPs was
28.3 + 5.9% (five experiments). In addition, the structure
of the S+AuNPs was examined by transmission electron
microscopy (Figure 4e), which confirmed S protein
binding to the AuNPs and the presence of free S protein
in solution.

We next evaluated the efficacies of the adjuvants.
We used 13-week-old mice for immunization, and these
animals were 18 weeks old at the time of the challenge
infection. Two weeks after the second immunization,
the levels of antigen-specific IgG were measured in all the
immunized groups, and the levels were significantly
higher in both the S+AuNP- and S+TLR-immunized
groups compared with that in the S protein-immunized
group (Figure 5a). We also confirmed virus-specific
seroconversion in these mice. When UV-inactivated
SARS-CoV was used as an ELISA antigen, all the
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FIGURE 3 Lung histopathology in recombinant S protein-immunized mice on day 10 postchallenge. The lung tissue samples are
from the same animals used in the experiment shown in Figure 2. (a) Representative histopathological findings of mice with the
highest eosinophil infiltration detected by eosinophil staining using the C.E.M. kit. Eosinophil infiltrations occurred around middle
size blood vessels in the bronchi area. The arrows indicate eosinophils. Slight inflammatory cell infiltrations with a few mononuclear
cells and eosinophils occurred around the blood vessels with edema. Upper panels, low magnification (bars, 100 um); lower panels,
high magnification (bars, 20 um). (b) Number of eosinophils per lung section (n = 6-7) on day 10 postchallenge. Five 147,000 um?
regions around the pulmonary bronchiole of each mouse were scored at 600x magnification. Each dot shows the data from an
individual animal. The brown-colored symbols indicate data from moribund animals within 10 dpi. *P < 0.05; **P < 0.01, via Tukey's
multiple comparisons test following by one-way ANOVA for comparisons with the control group. ANOVA, analysis of variance; Br,
bronchi; Control, PBS pretreated challenge control on day 4 postinfection; dpi, days postinoculation; V, blood vessel
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TABLE 1 Sizes of the AuNP-protein complex

Diameter (nm)?

SEKIMUKALI ET AL.

AuNPs Pretreated
40 nm 45.5+0.6
100 nm 107.2+0.1

BSPP coated S protein coated

52.4+0.1
121.9+0.3

93.9+1.0
173.3+2.4

Abbreviations: AuNP, analysis of variance; BSPP, bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt; SEM, standard error of the mean.
“Determined by dynamic light scattering (mean + SEM of three independent measurements).

S+TLR-immunized mice showed significantly higher
titers of virus-specific IgG, which were low in the S
+AuNP-immunized mice (Figure 5b). Similar results
were obtained from the neutralizing antibody analysis
(Figure 5c).

Three weeks after the second immunization, all the
animals were intranasally inoculated with SARS-CoV
(n==6 or 7). Within 2 dpi, all the mice showed ruffled
fur and body weight loss, and all the nonimmunized
animals showed body weight reductions of more than
20% and were moribund within 5 dpi (n=6) (Figure
5d,e). Two mice died of pulmonary edema before
meeting the criteria for euthanasia. All the S+TLR-
immunized mice recovered within 4 dpi; however, four
of seven of the S+ AuNP-immunized mice and two of six
of the S protein-immunized mice were moribund within
6 dpi (Figure 5d,e). Four mice in the S+AuNP- and S
protein-immunized groups died of pulmonary edema
before meeting the criteria for euthanasia.

From these results, it was clear that S+AuNP
immunization induced high levels of antigen-specific
IgG but weak production of virus-specific IgG and
neutralizing antibodies against SARS-CoV. Thus, the
protective ability of the S+AuNP vaccine was lower than
that of the S+TLR vaccine.

3.4 | Effects of the adjuvants on lung
eosinophilic immunopathology

Histopathological investigation revealed that eosinophilic
infiltrations occurred in the lungs of both S protein- and S
+AuNP-immunized mice but not in the lungs of the
animals in the S+TLR-immunized group at 10 dpi
(Figure 6). We also investigated the histopathology of
mice pretreated with AuNPs, but no eosinophil infiltra-
tion was observed after SARS-CoV infection (AuNPs in
Figure 6a,b).

We next used mouse lung homogenates to investigate
the viral kinetics and immune reaction on days 1, 3, and 5
pi. The virus titers were initially low and then decreased
in the lungs of the S+TLR-immunized mice, and the
others showed approximately equal titers (Figure 7a).
High levels of Type 1 interferon, IFN-a4, and IFN-, were
detected in the lungs of nonimmunized mice, but lower

or delayed responses were observed in the animals in the
S protein- and S+AuNP-immunized groups. No response
was detected in the animals in the S+TLR-immunized
group (Figure 7b).

We also investigated the cytokine and chemokine
responses in the lungs (Figure 8). The levels of
pro-inflammatory cytokines, including IL-12p40, IL-1a,
IL-1B, TNF-a, and GM-CSF, were elevated at 1 dpi in the
control mice. The vaccinated mice showed moderate
induction of these proinflammatory cytokines and
chemokines. The levels of IL-6 and KC were only
elevated in the control mice at 3 dpi. The levels of
several macrophage-related chemokines (MCP-1, MIP-
1la, and IP-10) were higher in the control, S protein- and S
+AuNP-immunized mice at 3 dpi than in the S+TLR-
immunized mice. RANTES was induced at 1 dpi in the
control, S protein- and S+AuNP-immunized mice but
was delayed in the S+TLR-immunized mice. Thl
cytokine production and IL-10 responses following IL-2
and IFN-y induction were observed in the S protein- and
S+AuNP-immunized mice on day 3 pi. A high produc-
tion of allergic inflammation-related cytokines and other
chemokines, including IL-4, IL-5, and eotaxin, was
observed in the S protein- and S+AuNP-immunized
mice within 5 d.p.i. In addition, the levels of IL-13 were
higher in the S protein- and S+AuNP-immunized mice
than in the control and S+TLR-immunized mice.
Significant differences in the levels of IL-la, MIP-1f,
IL-2, IFN-y, and IL-4 were detected in the S protein- and
S+AuNP-immunized mice. The S+TLR-immunized mice
showed higher levels of GM-CSF on day 3 pi and IL-17
within 5 dpi compared with the respective levels in the
other immunized groups. Other cytokine and chemokine
responses were moderate or absent in the S+TLR-
immunized mice.

Overall, each group of mice showed different types
of immune responses in the lungs during the early
phase of SARS-CoV infection. Non-immunized mice
showed a proinflammatory response during the early
phase of infection. The S- and S+AuNP-immunized
mice showed Th1l and Th2 responses accompanied by
allergic inflammation. Th1- and Th17-biased cytokine
induction was observed in the S+TLR-immunized
mice.
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FIGURE 4 Quantification of the gold nanoparticle-protein complex (S+AuNPs). (a—c) Virus-specific IgG titer after the second immunization. A
total of 0.5 ug S protein in an AuNP solution containing 0.1 nM particles was diluted and used for immunization (a). A total of 0.5 ug, 0.1 ug, or
0.05 pg S protein with 10 fmol AuNPs was used for immunization (b). A total of 0.1 ug S protein with 2 fmol of 40- or 100-nm AuNPs was used for
immunization (c). The dashed line indicates the limit of detection (<10). Each dot shows the data from an individual animal. *P < 0.05. Dunn's
multiple comparison test. (d) Western blot analysis of the samples during the preparation of S+AuNPs. S protein, 50 ng of purified S protein; Sup1,
supernatant from S+AuNP solution produced via centrifugation at 2000xg for 10 min, that is, free S protein in S+AuNP solution; sup2, wash buffer
supernatant from the S+AuNP pellet; Binding S, S protein bound to BSPP-AuNPs. (e) Transmission electron microscopy images of recombinant
proteins (S protein), BSPP-treated gold nanoparticles (BSPP-AuNPs), and S protein-conjugated gold nanoparticles (S+AuNPs) (bars, 200 nm).
Particles and free protein are present in the S+AuNPs solution. The arrows indicate S protein-bound AuNPs. Protein “corona” means layers of bound
proteins around AuNPs (inset, bars 20 nm). AuNPs, gold nanoparticles; BSPP, bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt

4 | DISCUSSION

In the development of vaccine candidates against
coronavirus infection, subunit vaccines, viral vector

vaccines, and DNA vaccines targeting the viral S protein
have been shown to be very effective in
vivo, ' 119-21:23.2526.49°55 qubynit vaccines are considered
highly safe products because they wuse antigenic
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FIGURE 5 Effects of adjuvants on the outcomes of immunization with recombinant spike protein. Female BALB/c mice were
vaccinated with each antigen. Mice immunized with 0.1 ug S protein with or without adjuvant were challenged with 10° TCIDs, of mouse-
adapted SARS-CoV (n = 6-7). (a) Antigen-specific IgG titer in the sera 2 weeks after the second immunization. The line indicates the limit of
detection (<10). Each dot shows the data from an individual animal. **P < 0.01; ***P < 0.001, via Dunn's multiple comparison test. (b) Virus-
specific IgG titer after the second immunization. The dashed line indicates the limit of detection (<10). Each dot shows the data from an
individual animal. *P < 0.05; **P < 0.01, via Dunn's multiple comparison test. (c) Serum neutralizing titers after the second immunization.
The line indicates the limit of detection (<4). Each dot shows the data from an individual animal. *P < 0.05; **P < 0.01, via Dunn's multiple
comparison test. (d) Body weight changes after SARS-CoV challenge infection. **P < 0.01; ****P < 0.0001. Tukey's multiple comparisons test
following one-way ANOVA were used to compare the results with those of the control group. (e) Survival curves after SARS-CoV challenge
infection. The log-rank test following Kaplan-Meier survival analysis was used to compare the survival with that of the control group.

*P < 0.05; **P < 0.01. ANOVA, analysis of variance; SARS-CoV, severe acute respiratory syndrome coronavirus

components without the need to introduce viral parti-
cles.”® Furthermore, it is possible to induce cellular and
humoral immune responses and high-titer neutralizing
antibodies when antigens are combined with appropriate
adjuvants.”®>® Researchers have previously produced

recombinant baculovirus-expressed SARS-CoV S protein
and showed that it could be used to induce a high
production of neutralizing antibodies in mice.***® How-
ever, lung eosinophilic immunopathology was not
evaluated in these studies.
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FIGURE 6 Lung histopathology
from S protein-immunized mice with
adjuvant on day 10 postchallenge. The
lung tissue samples were from the same
animals used in the experiment shown in
Figure 5. (a) Representative

histopathological findings from the mice
with the highest eosinophil infiltration
was detected via eosinophil staining using
the C.E.M. kit. The red arrows indicate
representative eosinophils, and the blue
arrows indicate plasma cells. Results of
the PBS, or AuNPs pretreated controls on
day 4 or 5 postchallenge infection. Upper
panels, low magnification (bars, 100 pm);
Lower panels, high magnification (bars,
20 um). (b) Number of eosinophils per
lung section (n=6-7) on day 10
postchallenge. Five 147,000 um? regions
around the pulmonary bronchiole of each
mouse were counted at 600X

magnification. Each circle shows the

mean value from an individual animal.
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Honda-Okubo et al. reported that immunization with
a commercial recombinant S protein, NR-722 (Protein
Science Corp., Meriden, CT), which is produced in
insect cells, with or without alum adjuvant, resulted in
lung eosinophilic immunopathology after SARS-CoV
infection (intramuscularly, twice with 1.0pg S pro-
tein).”® They succeeded in avoiding the immunopathol-
ogy induced by the vaccine by combining it with a delta
insulin-based polysaccharide adjuvant. The adjuvant
induced IFN-y responses, suggesting that an inadequate
vaccine-induced Thl response caused the lung

eosinophilic immunopathology.®® This was also ob-
served previously by Agrawal et al., who reported that
inactivated MERS-CoV vaccination leads to a lung
eosinophilic immunopathology and IL-5 and IL-13
production upon live virus challenge in transgenic mice
bearing the human CD26/DPP4 receptor.”” Severe
pneumonia related coronaviruses such as SARS-CoV
and MERS-CoV could induce the same pathology.

In this study, we explored the potential of AuNPs for
use as an adjuvant to promote immune responses with
balanced effects on Th1 and Th2 T-cell immunity.**>%*°
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FIGURE 7 Protection against SARS-CoV challenge in mice immunized with adjuvanted SARS-CoV S protein. Samples from the lungs
of immunized or non-immunized mice after SARS-CoV inoculation (n = 3-5). Virus titers (a) and mRNA expression levels of Type 1 IFN in
lungs 1, 3, and 5 days postchallenge (b). The assays were performed using unicate samples per animal. Each circle shows the data from an
individual animal. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, via Tukey's multiple comparisons test following two-way ANOVA to
compare the results with those of the control group. ANOVA, analysis of variance; IFN, interferon; mRNA, messenger RNA; SARS-CoV,

severe acute respiratory syndrome coronavirus

AuNPs stimulate macrophages, dendritic cells, and
lymphocytes after induction of proinflammatory cytokine
(i.e., IL-18 and TNF-a) and Th1 cytokine (i.e., IFN-y and
IL-2) expression.*® Niikura et al. demonstrated that
AuNP-adjuvanted West Nile virus E protein (10 ug)
showed high antigenicity in mice and induced inflam-
matory cytokine production, including TNF-a, IL-6, IL-
12, and GM-CSF, by antigen-presenting cells in vitro.*
Indeed, AuNP-adjuvanted S protein induced strong IgG
responses to S protein itself in this study; however, it
failed to induce protective immune responses and to limit
eosinophilic infiltrations after virus challenge. One
explanation for the failure to induce protective immune
responses could be that structural changes in S protein
upon binding to the AuNP adjuvant resulted in S-binding
IgGs that were unable to neutralize the virus.”® AuNPs
and S protein bind together via electrostatic interactions
and S-protein forms a “protein corona” around
AuNPs.”>% Indeed, both the DLS and TEM structure
analysis indicated that the conjugated S protein on
AuNPs formed a protein corona, which is considered to
result in structural changes in adsorbed proteins® for
adaptation to the nanoparticle surface and surrounding

environment.®” The protein secondary structure is
strongly affected by the surface charge of AuNPs.°> The
particle surface of a protein corona defines the biological
identity of the particle when it is attached to the cell
surface in vivo.>®>° Thus, even a small modification in S
protein structure could impact both negatively and
positively on its immunogenicity. More work will be
required to study the mechanisms and to test whether the
AuNP-adjuvanted vaccine is effective against coronavirus
infection (i.e., effect of antigen binding methods, antigen
against the receptor binding site).

Cytokine and chemokine analysis revealed that each
group of mice had different lung immune responses early
after SARS-CoV infection. While similar virus titers were
observed in the lungs of non-, S protein-, and S+AuNP-
immunized mice, Type 1 IFN and proinflammatory
responses were moderate in both the S protein- and S
+AuNP-immunized mice. After infection, Type 1 IFNs
are secreted by infected cells, macrophages, and dendritic
cells to counteract viral infection.®*** Type 1 IFNs up-
regulate pro-inflammatory cytokines and chemokines,
including IL-12.°® The macrophage-related chemokine
responses were similar among the non-, S protein-, and
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FIGURE 8 Immune responses in the lungs of mice immunized with adjuvant after SARS-CoV challenge. Cytokine and

chemokine levels in the lungs of immunized or non-immunized animals 1, 3, and 5 days after infection with SARS-CoV (n = 3-5).
The lung homogenates were from the same animals used in the experiment shown in Figure 7, and the assays were performed using
unicate samples per animal. Each circle shows the data from an individual animal. *P < 0.05; **P < 0.01; ***P < 0.001; ****p < .0001,

via Tukey's multiple comparisons test following two-way ANOVA to compare the results with those of the control group. ANOVA,
analysis of variance; SARS-CoV, severe acute respiratory syndrome coronavirus
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S+AuNP-immunized mice; however, the Thl and Th2
responses were higher in the S protein- and S+AuNP-
immunized mice. The cells may also moderate proin-
flammatory reactions in the animals in these groups.
Interestingly, although S protein-immunized mice
showed significant protection against SARS-CoV infec-
tion, the virus titers remained higher than those in non-
immunized mice. In adult mouse models of SARS-CoV
infection, the excessive host innate immune responses
contributing to SARS-CoV lung pathology are complex
and involve changes in activated macrophages and
neutrophils.®>®” We previously reported that IFN-y
treatment 3 hr after inoculation protected mice from
severe SARS-CoV-induced pulmonary edema that other-
wise results in the death of uninoculated adult mice.*
However, the virus titer in the lungs did not differ
between the IFN-y-treated and PBS-treated adult mice. In
this study, S protein-immunized mice showed an IFN-y
response on day 1 pi. Thus, we speculated that IFN-y
induction may contribute to protection against SARS in
the S protein immunized mice.

The PBS pretreated challenge control mice showed
very slight changes in the bronchi area of the lungs after
SARS-CoV infection (Figures 3a and 6b). The pathologi-
cal changes in SARS-CoV-infected lungs, including
diffuse alveolar damage, were mainly seen in the alveolar
area.>® However, eosinophil infiltrations occurred around
middle size blood vessels in the bronchi area. Thus, we
demonstrated the bronchi area from animals in these
figures, whereas small changes (i.e., a few inflammatory
cell infiltrations around the blood vessels with edema)
were observed in the bronchi area of the control mouse.
The histopathological findings of eosinophil infiltration
around the bronchiole on day 10 pi were correlated with
a high production of allergic inflammation cytokines,
that is, I1L-13, IL-4, IL-5, and eotaxin, in both the S
protein- and S+AuNP-immunized mice. These findings
suggest that the amount of antibody generated against
SARS-CoV was not sufficient to orchestrate immune
responses, including innate immunity and Th2-skewed
responses, during the infection.

In this study, AuNPs did not show dose dependency in
eliciting immune responses. When low-molecular weight
poly(I:C)s were conjugated with gold nanorods as
adjuvants for intranasal hemagglutinin (HA) influenza
vaccination, low doses of AuNPs (i.e., 1 fmol) were more
effective in reducing virus replication in a nasal wash
than 10-fold higher doses of gold nanorods (i.e.,
10 fmol).*® On the other hand, Mottram et al. showed
that the nanoparticle size of carboxyl-modified polystyr-
ene beads carrying whole ovalbumin influenced the Thl
and Th2 immune reactions. When 40-50 nm beads were
used to vaccinate mice, high IFN-y induction was
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observed, whereas 93-123 nm beads induced IL-4 pro-
duction.®® Although we did not evaluate in detail the
influence of the amount and size of AuNPs, the amount
and size of AuNPs should be carefully considered if
nanoparticle vaccine platforms are used for the develop-
ment of coronavirus vaccines.

In this study, we expressed S protein via a recombi-
nant baculovirus system. Purification of recombinant
SARS-CoV S protein was more effective when expression
was from a construct containing a Strep-8x his-tag at the
S protein carboxyl terminus than when a 8x his-tagged
construct was used. The purification was conducted only
via His trap purification using affinity chromatography to
minimize protein loss. After the second immunization
with the purified recombinant S protein, high IgG levels
against immunogen-specific IgG were detected in the
murine sera, and they were protective against SARS-CoV
infection in vivo (subcutaneously, twice with 1.0 or 0.5 pg
of S protein). The purified protein showed high
immunogenicity in BALB/c mice but did not prevent
eosinophilic infiltrations.

Mice of different ages were used in this study. Young
adult mice (6 or 7-week-old female) were used to confirm
the immunogenicity of recombinant S protein and S
+AuNP and adult mice (13 weeks old; challenged at 17
weeks old) were used for the challenge experiment. There
were significant differences in the levels of the virus-
specific IgG titer in mice immunized with 0.1 ug of S
+AuNP between Figures 4a and 5b. We speculate that
the difference could be due to differences in the ages of
the mice employed in these experiments. In general,
young adult (around 6 weeks old) mice show more robust
immune responses than old mice, and the robustness of
the immune response decreases with age.”® In addition,
the intervals between the first immunization and the
time-points of sera collection were different. We con-
ducted a minimum dose immunization of adult BALB/c
mice with the S protein (subcutaneously, twice with
0.1ug S protein). A total of 0.1pug of TLR agonist-
adjuvanted S protein induced a sufficiently high expres-
sion of neutralizing antibodies and prevented the
eosinophilic infiltrations. After SARS-CoV infection,
induction of GM-CSF, RANTES, IL-10, IL-2, MIG, and
IL-17, but not Type 1 IFN expression was detected in the
lungs of S+TLR-immunized mice that had sufficient
antiviral antibodies. Interestingly, only the S+TLR-
immunized mice showed high levels of IL-17 within 5
dpi, suggesting that a Th17 response occurred in the
lungs during SARS-CoV infection in the presence of
neutralizing antibodies. Interestingly, a Th1/Th17 bias in
cytokine induction was also observed in a study of SARS-
CoV S protein when delta inulin was used as an
adjuvant.®® The activation of specific T-cell subsets by
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adjuvants may be critical to ensure vaccine efficacy
and eosinophilic immunopathology upon SARS-CoV
infection.

Overall, AuNP-adjuvanted S protein induced an
antigen-specific IgG response but failed to induce a
protective antibody and limit eosinophilic infiltration in
the lungs. On the other hand, the TLR agonists
successfully minimized the amount of recombinant S
protein required for the vaccination to 0.1pug, and
increased vaccine immunogenicity and reduced eosino-
philic infiltration in the lungs after the SARS-CoV
challenge infection in our mouse model. To prevent
insufficient immunization against SARS-CoV, even with
an S protein-based vaccine, appropriate adjuvant devel-
opment is needed. The findings of this study will support
the development of vaccines not only against SARS-CoV
infection but also against other severe pneumonia-related
coronaviruses, likely including MERS-CoV.
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