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Remarkable progress has been made in developing intramuscular vaccines against severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2); however, they are limited with respect to eliciting local
immunity in the respiratory tract, which is the primary infection site for SARS-CoV-2. To overcome the
limitations of intramuscular vaccines, we constructed a nasal vaccine candidate based on an influenza
vector by inserting a gene encoding the receptor-binding domain (RBD) of the spike protein of SARS-
CoV-2, named CA4-dNS1-nCoV-RBD (dNS1-RBD). A preclinical study showed that in hamsters challenged
1 d after single-dose vaccination or 9 months after booster vaccination, dNS1-RBD largely mitigated lung
pathology, with no loss of body weight. Moreover, such cellular immunity is relatively unimpaired for the
most concerning SARS-CoV-2 variants, especially for the latest Omicron variant. In addition, this vaccine
also provides cross-protection against H1N1 and H5N1 influenza viruses. The protective immune mech-
anism of dNS1-RBD could be attributed to the innate immune response in the nasal epithelium, local
RBD-specific T cell response in the lung, and RBD-specific IgA and IgG response. Thus, this study demon-
strates that the intranasally delivered dNS1-RBD vaccine candidate may offer an important addition to
the fight against the ongoing coronavirus disease 2019 pandemic and influenza infection, compensating
limitations of current intramuscular vaccines.
� 2022 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has had an
immeasurable impact on health, economy, and social stability
worldwide. The rapid development of multiple COVID-19 vaccines
has been an incredible scientific achievement [1]. Multiple vacci-
nes based on traditional or modern platform technologies have
demonstrated high effectiveness for preventing severe COVID-19,
hospitalization, and death in clinical trials as well as in the real
world for at least several months [2–5], enabling widespread vac-
cine administration to curb the COVID-19 pandemic globally.
Nonetheless, the effectiveness of current vaccines in interrupting
human-to-human transmission and for mild or asymptomatic
patients has been well below expectations, especially for variants
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with stronger transmissibility and antigenic changes, such as the
delta variant. Indeed, the number of newly confirmed cases is
increasing rapidly again even in countries with extremely high
levels of vaccine coverage [6–10]. Thus, it is imperative to continue
developing new COVID-19 vaccines using different vaccine
strategies.

To date, COVID-19 vaccines approved for use by different regu-
latory authorities, including mRNA vaccines, inactivated vaccines,
recombinant adenovirus vaccines, and recombinant protein vacci-
nes, are all administered through traditional muscle injection,
which are commonly limited for their ability to induce mucosal
immunity and local immunity [11–14]. While some countries with
sufficient vaccine supplies have been achieving the potential
‘‘herd” immunity [15], breakthrough infections are common
among vaccinated people. Importantly, the majority of children
are not among the vaccinated groups. With countries reopening
borders for international travelers and the increasing emergence
of variants of concern, epidemics with high transmission among
specific groups of people will become very common. Solutions in
response to the evolving COVID-19 pandemic are imminently
needed. Given the predominant respiratory tropism of SARS-CoV-
2 and the evidence that intranasal live attenuated influenza vac-
cine (LAIV) has equivalent and even improved efficacy compared
with that of inactivated influenza vaccine (IIV) [16,17], several vac-
cine candidates intended to be delivered by intranasal administra-
tion or inhalation are under development, and some of them have
shown potential in animal models and early phase clinical trials
[18,19]. To our knowledge, night intranasally delivered COVID-19
vaccines have been tested in clinical trials globally, seven of which
are based on virus vectors, including adenovirus, respiratory syn-
cytial virus, and influenza virus [12,20,21]. These intranasal vacci-
nes have shown the potential to elicit mucosal IgA and CD8+ T cell-
mediated immune responses in the respiratory tract as well as
serum IgG responses, resulting in a more efficient reduction of
virus replication and shedding in both the lungs and the nasal pas-
sages than intramuscular vaccination [12,22,23].

Here, we present data demonstrating the rapid (1 d), prolonged
(9 months), and broad protection of and comprehensive innate and
adaptive immune responses to an intranasally delivered COVID-19
vaccine based on the LAIV vector in animal models. This vaccine
candidate has been shown to be well tolerated and immunogenic
in Chinese adults [24], and a global multicenter phase III clinical
trial is being initiated and ongoing now.
2. Materials and methods

2.1. Cell cultures

All cell lines were obtained from the American Type Culture
Collection (ATCC). Human embryonic kidney cells (293T), African
green monkey kidney epithelial cells (Vero E6), and Madin-Darby
canine kidney cells (MDCK) were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM)-high glucose (Sigma Aldrich, St.
Louis, USA) supplemented with 10% low endotoxin fetal bovine
serum (FBS) (Cegrogen Biotech, Stadtallendorf, Germany) and
penicillin–streptomycin.
2.2. Construction of plasmids

The receptor-binding domain (RBD) segment of SARS-CoV-2
(GenBank No. MN908947) was codon optimized for eukaryotic
expression system and constructed by overlapping primers with
the B2M signal peptide at the 50 end and the foldon motif with
the V5 tag at the 30 end. The sequence encoding the RBD segment
1373
was then cloned into the NS1 deletion plasmid pHW2000-DelNS1
as described previously [25].

2.3. Generation and passage of dNS1-RBD viruses

Eight pHW2000 plasmids containing the DelNS1 segment and
the other seven influenza virus genomic segments, together with
an NS1 expression plasmid, pCX-CA04-NS1-Flag, which was
derived from the parental influenza virus A/California/04/2009
(H1N1) (GenBank No. MN371610.1-371617.1), were transfected
into 293T cells and incubated overnight at 37 �C. The DNA mixture
was removed, and Opti-MEM supplemented with 1 lg/mL 6-(1-
tosylamido-2-phenyl) ethyl chloromethyl ketone (TPCK)-treated
trypsin (Sigma, St. Louis, USA) was added. Viral supernatant was
collected 72 h later, designated dNS1-RBD passage 0 virus, and
was subsequently passaged in MDCK cells at 33 �C. The super-
natant was harvested 48 h post transfection when most of the cells
showed signs of cytopathic effect (CPE). Infectious virus titers (pla-
que forming unit (PFU)/mL) were determined by plaque assay on
MDCK cells.

For the rescued viruses, deletion of the NS1 gene and insertion
of the RBD gene were confirmed by reverse transcription- poly-
merase chain reaction (RT-PCR) using NS-specific and RBD-
specific primers. Total RNA from virus supernatants was extracted
using the PureLinkTM Viral RNA/DNA Mini Kit (Thermo Fisher, Wal-
tham, USA) according to the manufacturer’s protocol and then con-
verted to cDNA by SuperScript� III Reverse Transcriptase
(Invitrogen, Carlsbad, USA). The cDNA was then subjected to RT-
PCR using primers and probes that are specific to the target
sequence (RBD forward-5’-ACATTGGCCACCATGTTCACTGTA
GAAAAAGGAAT-3’; RBD reverse-5’-AATGTGTCAATTTCAACTTCGGC
TATATTCCGGAA-3’; NS forward-5’-CCGAAGTTGGGGGGGAG
CAAAAGCAGGGTGACAAAAACATA-3’; NS reverse-5’-GATAAAAAA
CACCCTTGTTTCTACTAATAACCCGGCGGCC-3’, respectively). RT-
PCR was performed under the following reaction conditions:
94 �C for 2 min, followed by 35 cycles of 98 �C for 15 s, 55 �C for
30 s and 68 �C for 90 s, and 68 �C for 10 min. The presence of
inserted sequences in generated vaccine virus was further con-
firmed by Sanger sequencing.

2.4. Growth kinetics

MDCK cells seeded in 24-well plates were infected with viruses
at the indicated multiplicity of infection (MOI). After 1 h adsorp-
tion, the viral supernatant was removed, and the cells were washed
twice with phosphate-buffered saline (PBS). DMEM containing
1 lg/mL TPCK-treated trypsin was added, and the cells were incu-
bated at the indicated temperature. Supernatants were collected at
different time points, and titers were determined by plaque assay.

2.5. Plaque assay for dNS1-RBD viruses

Viruses were 10-fold serially diluted, added to confluent MDCK
cells in 6-well plates, and then incubated at 37 �C for 1 h. The
supernatant was removed, and the cells were washed twice with
PBS and then overlaid with 1% minimum essential medium
(MEM) agarose containing 1 lg/mL TPCK-treated trypsin. The
plates were incubated at 33 �C for 72 h and then fixed with 4%
PBS-buffered formaldehyde solution for at least 1 h. Plaques were
visualized by staining with 1% crystal violet solution.

2.6. Western blot

MDCK cells were cultured and infected with dNS1-RBD virus as
described above. 36 h later, cell lysates were harvested using mod-
ified NEP cell lysis buffer. Proteins were separated on a 10% gel, and
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then following transfer, blots were incubated with an anti-
influenza A nucleoprotein (NP) protein antibody 19C10 generated
by our laboratory (1:1000) and anti-V5 tag antibody
(Thermo,1:5000), and visualized with horseradish peroxidase
(HRP)-conjugated anti-mouse IgG (Invitrogen, 1:5000).

2.7. Immunofluorescence imaging

For direct visualization of the expression of hemagglutinin (HA)
and RBD, MDCK cells were seeded at 2 � 104 cells per well in
CellCarrier-96 Black plates and then infected with dNS1-RBD,
CA04-dNS1, and CA04 WT at an MOI of 1. PBS was used as a neg-
ative control. After 72 h, the cells were fixed with 2% paraformalde-
hyde in PBS for 15 min in the dark. The cells were then permeated
by the addition of 0.3% Triton X-100 in PBS (PBST) for 10 min at
room temperature and blocked with 2% bovine serum albumin
(BSA). The plates were incubated with a DyLight 488-labeled
mAb against 6G9-488 (anti-HA, 1:100 dilution) and DyLight 650-
labeled mAb against R4D11 (anti-RBD, 1:100 dilution) generated
by our laboratory at 37 �C for 60 min, and the assay plates were
washed three times with PBS. Cell nuclei were labeled with 40, 6-
diamidino-2-phenylindole (DAPI). The images were acquired on
an Opera Phenix using a 63 � water immersion objective.

2.8. Vaccine formulation

The vaccine dNS1-RBD was prepared on a large scale at Beijing
Wantai Biological Pharmacy Enterprise Co., Ltd., Beijing, China.
After rounds of passage and amplification with the cell factory
based on the MDCK cell line, the viruses were further purified
through the process step by step including ultrafiltration, size-
exclusion chromatography, nuclease treatment, and then ion-
exchange chromatography to confirm the exclusion of exogenous
factors. Purified dNS1-RBD virions were then mixed with virus pro-
tectants, which contained carbohydrates, amino acids, human
albumin, etc., and were preserved at �15 �C. Based on the
enzyme-linked immunosorbent assay (ELISA) results using a sand-
wich assay with anti-RBD monoclonal antibodies on both sides
(Wantai) and plaque assay results, serial passages 1 to 10 of puri-
fied vaccines were confirmed to be stable under current vaccine
manufacturing conditions. The purified vaccines were further used
in this study for comprehensive evaluation. The CA04-dNS1 virus
was also prepared in the same way as dNS1-RBD virus for further
evaluation. To further eliminate the placebo effect for preparing
vaccine in clinical trial, the virus protectant produced on a large
scale was used as placebo control in this study.

2.9. Ethics statements

All animals involved in this study were housed and cared for in
an Association for the Assessment and Accreditation of Laboratory
Animal Care (AAALAC)-accredited facility. All experimental proce-
dures with mice, ferrets, and hamsters were conducted according
to Chinese animal use guidelines and were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of Xiamen
University (XMULAC20200232). The hamster studies were per-
formed in an animal biosafety level 3 (ABSL-3) laboratory affiliated
to the State Key Laboratory of Emerging Infectious Diseases, The
University of Hong Kong.

2.10. Vaccine safety evaluation

The safety of the potential SARS-CoV-2 vaccine, dNS1-RBD was
evaluated in BALB/c mice and ferrets. BALB/c mice were intrana-
sally inoculated 50 lL (105–107 PFU/mL) of dNS1-RBD and CA04-
WT under isoflurane anesthesia and monitored daily for morbidity
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and mortality for 14 d pos inoculation. Vaccines were concentrated
at first by 100 kD limitation Sartorius Vivaspin centrifugal concen-
trators and then diluted in 1640 media to a final 50 lL volume and
administered bilaterally for BALB/c mice. Animals that lost more
than 25% of their initial body weight were euthanized in accor-
dance with our animal ethics protocol. Ferret studies were per-
formed at JOINN Labs (Suzhou, China). Two groups of ferrets (5
female and 5 male ferrets in the vaccine group and 3 female and
3 male ferrets in the control group) were immunized intranasally
with a single-dose 1 � 106 PFU of dNS1-RBD and CA04-WT virus
respectively diluted in 1640 media to a final 500 lL volume. Data-
sets of the safety-related parameters were collected during and
after immunization, including clinical observations, body weight,
and body temperatures. Viral loads were detected for throat swabs
and nasal washes collected at days �1, 1, 3, 5, and 7 post inocula-
tion by RT-PCR. Histopathological evaluations in lungs from two
groups of ferrets were conducted at day 8. Lung tissues were col-
lected and stained with hematoxylin and eosin. Six to eight-
week-old, female BALB/c mice and five to six-month-old, male
and female ferrets were used throughout this study.

2.11. Immunization and infection of mice

BALB/c mice were immunized intranasally with 50 lL (1 � 106

PFU/mL) of the vaccine per dose prepared as indicated above under
isoflurane anesthesia, while the control group was administered
CA04-WT or CA04-dNS1 virus. For antibody response evaluation,
all groups of BALB/c mice (6 animals in each group) were vacci-
nated with a prime-boost regimen (days 0 and 14), and blood
was collected via retro-orbital bleeding before each immunization
and 14 d after the second injection, followed by a binding assay to
analyze vaccine immunogenicity.

For innate immune response analyses, C57BL/6 mice (5 animals
in each group) were vaccinated with a single dose and sacrificed 1
d after vaccination. For cellular immune response analyses of
PBMCs, splenic lymphocytes, pulmonary lymphocytes, and lymph
node cells, C57BL/6 mice (6–8 weeks old) were immunized intra-
nasally with 50 lL (1 � 106 PFU/mL) of the vaccine by the one-
dose or two-dose regimen as described above (10 animals in each
group). Then, splenic lymphocytes, pulmonary lymphocytes, and
lymph node cells (6 animals in each group) were collected on
day 28 of a prime-boost regimen with a 2-week interval for intra-
cellular cytokine staining (ICS) measurements.

For protective efficacy evaluation against influenza, CA04-WT
was treated with 0.03% formaldehyde solution as inactivated vac-
cine control and further used for vaccination by intramuscular
injection. In influenza virus challenge studies, BALB/c mice (5 ani-
mals in each group) were inoculated with a lethal dose of various
subtypes of influenza virus via the intranasal route. In brief, 14 d
after two doses of 50 lL (1 � 106 PFU/mL) of dNS1-RBD, CA04-
dNS1, and inactivated CA04-WT virus, serum and pulmonary lym-
phocyte were collected for antibody assay and T cell response eval-
uation, respectively. Immunized mice were further anesthetized
and inoculated with 50 lL vaccine containing 25 MLD50 influenza
virus which was adapted to the mouse model. The mice were
observed daily for mortality and morbidity, and body weight was
measured for up to 14 d after infection. Vaccinated mice were sac-
rificed for virological analysis on day 5 after the virus challenge.
The virus challenge studies were performed in an animal biosafety
level 2 (ABSL-2) facility.

2.12. Immunization and infection of hamsters

Hamsters (male:female = 1:1) were vaccinated with the indi-
cated amount of the vaccine. All hamsters received 100 lL
(1 � 106 PFU/mL) of vaccine per dose via the intranasal route. At
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the indicated time after vaccination, the hamsters were further
evaluated by direct contact challenge of SARS-CoV-2. Three strains
were used in this study: the prototype-like virus AP8 (hCoV-19/
China/AP8/2020; GISAID accession No. EPI_ISL_1655937), the
B.1.351 variant AP100 (hCoV-19/China/AP100/2021; GISAID acces-
sion No. EPI_ISL_2779638) and B.1.1.529 variant strain (share an
identical sequence with EPI_ISL_8182026) were passaged on Vero
cells (#CCL-81, ATCC). For prototype-like virus and B.1.351 variant,
contact-transmission challenges of SARS-CoV-2 were used in the
study. Virus-carrying hamsters (donors) were pre-infected via
inoculation of 1 � 103 PFU of SARS-CoV-2 through the intranasal
route. Each donor was transferred to a new cage and cohoused
with four vaccinated or control animals. One day after cohousing,
donors were isolated from the cage, and the other hamsters were
further observed. For B.1.1.529 variant challenge, hamsters were
inoculated directly with 1 � 105 PFU of SARS-CoV-2 virus through
the intranasal nasal route under anesthesia. The hamsters were fed
a daily food amount of 7 g per 100 g of body weight. The weight
changes and typical symptoms (piloerection, hunched back, and
abdominal respiration) in hamsters were recorded daily after virus
inoculation or contact. Hamsters were sacrificed for tissue patho-
logical and virological analyses on day 5 after the virus challenge.
The virus challenge studies were performed in an animal biosafety
level 3 (ABSL-3) facility.

2.13. Anti-RBD IgA measurements

Bronchoalveolar lavage (BAL) was collected on control-infected
and vaccine-infected mice. Mice were euthanized, and a short nee-
dle insulin syringe (BD, Franklin Lakes, USA) was inserted gently
into the lumen of the exposed trachea. The lungs were then
lavaged with two separate 1-mL washes of sterile normal saline.
The RBD-specific IgA titer of BAL samples was next evaluated by
ELISA as described above with goat anti-mouse IgA alpha chain-
HRP (Abcam, Cambridge, UK, 1:3000).

2.14. Anti-RBD and anti-NP IgG measurements

RBD-specific antibody titers in serum samples collected from
immunized animals with 50 lL (1 � 106 PFU/mL) of vaccine were
determined by indirect ELISA. Ninety-six-well microtiter plates
were coated with 100 ng of purified NP protein of influenza A virus
A/WSN/33（H1N1) derived from Xiamen Wantai Biological Phar-
macy Enterprise Co. and 200 ng of purified RBD protein which
was generated and expressed in 293F from the codon-optimized
RBD sequence of SARS-CoV-2 spike protein (GenBank accession
number MN908947) individually at 4 �C overnight and blocked
with 2% BSA for 2 h at 37 �C. Diluted sera (1:100) were successively
diluted in a 2-fold series and applied to each well for 1 h at 37 �C,
followed by incubation with goat anti-mouse, anti-hamster, or
anti-human antibodies conjugated with HRP for 1 h at 37 �C after
3 washes. The plate was developed using TMB, followed by the
addition of 2 mol/L H2SO4 to stop the reaction, and read at
450/630 nm by an ELISA plate reader for final data acquisition.

2.15. ELISPOT assay

ELISPOT assays were performed using mouse Interferon-c (IFN-
c)ELISPOT plates (DAKEWE, Shenzhen, China). Ninety-six-well ELI-
SPOT plates pre-coated with capture antibody were blocked with
RPMI-1640 for 10 min at room temperature. Briefly, a total of
106 cells per well from C57BL/6 mouse spleen, lymph nodes, lung,
or peripheral blood mononuclear cells (PBMCs) immunized with
50 lL (1 � 106 PFU/mL) of vaccine were plated into each well
and stimulated for 20 h with pooled peptides of RBD of wild type
SARS-CoV-2 or variants (15-mer peptide with 11 amino acids over-
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lap, cover the RBD305-547, Genscript) and pooled peptides of influ-
enza A virus (mix peptides reported by the related reports
[26,27]). The segmented RBD peptides pool (1–6, 0.667 lg/mL
each) and individual peptide (1.334 lg/mL) were used in T cell epi-
tope identification. The spots were developed based on the manu-
facturer’s instructions. PBS and cell stimulation cocktails from the
kit were used as negative and positive controls, respectively. Spots
were scanned and quantified by an ImmunoSpot Cellular Technol-
ogy Limited reader. Spot-forming units (SFUs) per million cells
were calculated by subtracting the negative control wells.

2.16. Intracellular cytokine staining assay

The expression of phenotypic markers, activation markers, and
cytokines was evaluated using flow cytometry for T cells, B cells,
and monocytes/macrophages in single-cell suspensions from tis-
sues. The cells were stained with murine antibodies for phenotype
and activation (CD4 [clone GK1.5, APC/Cy7], CD8 [clone 53–6.7,
PerCP/Cy5.5], CD11b [clone M1/70, PE], CD11c [clone N418,
BV421], CD49b [clone dx5, FITC], MHC2 [clone M5/114.15.2,
APC], Ly-6C [clone HK1.4, APC-Cy7], Ly-6G [clone 1A8, BV605],
CD62L [clone MEL-14, APC-Cy7], CD103 [clone 2E7, PE], CD69
[clone H1.2F3, BV421], CD44 [clone IM7, APC], CD80 [clone 16-
10A1, FITC], and CD86 [clone GL-1, PE-Cy7]), and cytokine expres-
sion (IL4 [clone 11B11, BV421], IL2 [clone JES6-5H4, PE], and IFN-c
[clone XMG1.2, APC]), and a LIVE/DEAD� Fixable Aqua Dead Cell
Stain Kit was also used. For RBD-specific T cell assays, each sample
was stimulated with pooled spike peptides (1 lg/well) in a U-
bottom plate and incubated at 37 �C for 18 h. After incubation,
0.12 lL of protein transport inhibitors (BD GolgiPlugTM, BD Bio-
sciences) in 20 lL of 10% FBS/RPMI 1640 medium was added to
each well, and the plate was incubated at 37 �C for 6 h. Then, the
cells were washed once with 2% FBS/PBS and further stained with
labeled antibodies. After incubation at 4 �C for 30 min, the cells
were washed once with 2% FBS/RPMI 1640 medium and passed
through a 0.22 lm filter. The cells were transferred to 5-mL
round-bottom tubes and analyzed by a BD LSRFORTESSA X-20 sys-
tem. The data were analyzed by FlowJo V10.6.0 (Tree Star Inc., Ash-
land, USA) and GraphPad Prism 9 (GraphPad Software Inc., San
Diego, USA).

2.17. Measurements of cytokine and chemokine levels

Lung homogenate samples were prepared for analysis with Pro-
cartaPlex Multiplex Immunoassay, a mouse cytokine/chemokine
magnetic bead panel (36-plex, Thermo Fisher), following kit-
specific protocols. Analytes were quantified using a Magpix analyt-
ical test instrument using a standard curve derived from recombi-
nant cytokine and chemokine standards, which utilizes xMAP
technology (Luminex Co., Austin, USA) and xPONENT 4.2 software
(Luminex). The results were expressed as ng/mL.

2.18. SARS-CoV-2, influenza A virus, and dNS1-RBD RNA quantification

Viral RNA levels in the lungs of challenged hamsters were
detected by quantitative RT-PCR. Briefly, for quantification of viral
levels and gene expression after challenge or passage experiments,
RNA was extracted from homogenized organs or cultured cells
using a QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Hamster tissue sam-
ples were homogenized by TissueLyser II (Qiagen) in 1 mL of PBS.
Subsequently, viral RNA quantification was conducted using a
SARS-CoV-2 RT-PCR Kit (Wantai) by measuring the copy numbers
of the N gene. Quantification of IAV replication was measured with
primers targeting M mRNA while CA4-dNS1-nCoV-RBD was quan-
tified with primers targeting the RBD and NS genes.
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2.19. SARS-CoV-2 titration assay

Live virus titers in homogenized lung tissues and cell cultures
were measured by the standard TCID50 method in Vero E6 cells
seeded in 96-well plates. In brief, the samples were serially diluted,
added to the 96-well plates, and incubated with the Vero E6 cells
for 1 h. 3 d after incubation, the cytopathic effects were observed
and used to calculate the viral titers.

2.20. Histopathology

The lung tissues from challenged hamsters were fixed with 10%
formalin for 48 h, embedded in paraffin and sectioned. Next, the
fixed lung sections were subjected to hematoxylin and eosin
(H&E) staining. Whole-slide images of the lung sections were cap-
tured by an EVOS M7000 Images System (Thermo Fisher). The
standards for the pathological score of lung tissues in this study
are adapted and optimized from a recent study of SARS-CoV-2
infection in the hamster model [28]. In brief, the H&E staining
result of the whole lung tissue was analyzed for its severity of
pathological change. The pathological score includes: (a) alveolar
septum thickening and consolidation; (b) hemorrhage, exudation,
pulmonary edema, and mucous; (c) recruitment and infiltration
of inflammatory immune cells. For each issue, score related to
the severity (0, no pathological change was observed; 1, moderate
pathological change; 2, mild pathological change; 3, indicates sev-
ere pathological change; and 4, very severe pathological change).
In conclusion, scores of such three issues were added as the com-
prehensive lung pathological score of lung tissue.

2.21. Statistical analysis

Statistical significance was assigned when P values were <0.05
using GraphPad Prism 9.0. Viral titers and RBD-specific IgG titers
were analyzed after log transformation. The bars in this study rep-
resent the mean ± standard deviation (SD) or median (interquartile
range, IQR) according to data distribution. The number of animals
and independent experiments that were performed are indicated
in the figure legends. Student’s t-test (two groups) or one-way
analysis of variance (ANOVA) (three or more groups) was used for
comparison of normally distributed continuous variables. For non-
normally distributed continuous variable comparisons, the Mann–
Whitney U test (two groups) or Kruskal–Wallis test (three or more
groups) was used. Two-way repeated-measures ANOVA was
adopted for repeated data comparison. For multiple comparisons
of three or more groups, Dunnett’s multiple comparison test was
used.
3. Results

3.1. Construction and pathogenic analysis of the dNS1-RBD vaccine
candidate

The vaccine candidate CA4-dNS1-nCoV-RBD (dNS1-RBD) was
constructed by inserting a gene encoding the RBD of the spike pro-
tein of the SARS-CoV-2 prototype strain into the previously
reported NS1-deleted backbone of H1N1 influenza virus Califor-
nia/4/2009 (CA04-dNS1) [24] (Fig. 1a). We compared the growth
kinetics of dNS1-RBD with those of the wild-type A/Califor-
nia/04/2009 (H1N1) parental virus (CA04-WT) and its NS1-
deleted version (CA04-dNS1) in MDCK cells. As expected, the repli-
cation of dNS1-RBD was significantly suppressed at 37 �C and 39 �C
compared with that at 33 �C due to the existence of temperature-
sensitive mutations in the CA04-dNS1 vector (Fig. 1b), which is a
desirable feature for reducing the risk of influenza-associated
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adverse reactions in the lung. In line with the above results, both
dNS1-RBD and CA04-WT could replicate effectively in the nasal
turbinate and throat in ferrets and only ferrets in the CA04-WT
group still showed viral shedding in the nasal turbinate and throat
at 7 d post nasal inoculation, in contrast to few of the ten ferrets in
the dNS1-RBD group (Fig. S1a and b online). The expression of the
RBD and HA antigen in dNS1-RBD-infected MDCK cells was visual-
ized using confocal analysis and further confirmed by Western blot
(Fig. 1c and d). Evaluated by ten continuous passages, the genetic
and expression stability of the RBD fragment of dNS1-RBD in the
MDCK cell culture system seemed acceptable for large-scale pro-
duction (Fig. 1e).

Intranasal inoculation in BALB/c mice and ferrets confirmed the
obvious attenuation of dNS1-RBD compared to the parental CA04-
WT virus (Figs. S1 and S2 online). Mice inoculated with 5 � 103–
5 � 105 PFU of the parental CA04-WT virus succumbed to infection
after seven d, whereas mice inoculated with dNS1-RBD continued
to maintain their body weight and health (Fig. S2a, b online). Like-
wise, for ferrets, which are highly susceptible to influenza virus
infection, inoculation with 1 � 106 PFU of CA04-WT but not
dNS1-RBD resulted in obvious influenza-like symptoms, with
fever, weight loss, and pathological injury in lung tissues (Fig. S1
online). In summary, a recombinant LAIV stably expressing the
SARS-CoV-2 RBD with remarkably less virulence than its parental
influenza virus was generated.

3.2. Rapid, prolonged, and broad protection against infection with the
prototype, Beta variant, and Omicron variant of SARS-CoV-2 in
hamsters after intranasal immunization with dNS1-RBD

For understanding the protective effects provided by intranasal
immunization, we validated the efficacy of intranasal immuniza-
tion with dNS1-RBD in the interanimal transmission model in
golden Syrian hamsters to mimic the predominant natural route
of SARS-CoV-2 infection at 1 d after single-dose immunization
and 3 or further more months after two doses of dNS1-RBD (prime
and boost regimen with a 14-d interval). The model is preferred
because it has been demonstrated to be sensitive to SARS-CoV-2
infection and associated COVID-19-like lung damage and can sup-
port efficient viral transmission from inoculated hamsters to naïve
hamsters by direct contact and via aerosols [29–31]. Hamsters vac-
cinated with dNS1-RBD and CA04-dNS1 were infected through
cohousing with donor hamsters infected by the Beta variant for
rapid protective effects evaluation (Fig. 2a). The placebo hamsters
showed continuous body weight loss beginning 1 d post infection
(dpi), with maximal weight loss at 7 dpi (mean: �15.5% for the
Beta variant challenge group); In contrast, weight loss was not
obvious in animals of all vaccine groups (mean: +0.2% for dNS1-
RBD group and �2.0% for CA04-dNS1) (Fig. 2b). Lung damage at
5 dpi was quantitatively measured using a comprehensive patho-
logical scoring system. Animals in the placebo groups had signifi-
cantly higher pathological scores than those in both vaccine
groups (Fig. 2d). The pathological histology analysis of lung tissues
(Fig. 2e) taken at 5 dpi showed that vaccinated hamsters with
dNS1-RBD and CA04-dNS1 were largely protected from lung dam-
age caused by infection with the SARS-CoV-2 Beta variant, with
minimal, if any, focal histopathological changes in the lung lobes,
which analyzed in detail described above. In contrast, hamsters
in placebo groups developed severe lung pathology with consoli-
dated pathological lesions and severe or intensive interstitial pneu-
monia characterized by inflammatory cell infiltration in a focally
diffuse or multifocal distribution. On average, 30% to 50% of the
alveolar septa of these placebo animals became thicker, resembling
findings in patients with severe COVID-19 bronchopneumonia
[28,29]. Additionally, at 5 dpi, the viral loads in the lung tissue of
vaccinated hamsters were slightly lower than those in the lung tis-



Fig. 1. Construction and characterization of a recombinant LAIV-based SARS-CoV-2 vaccine. (a) Construction of an mRNA-encoding plasmid that transcribes DelNS1 with
RBD-inserted mRNA. (b) Replication efficiency of the dNS1-RBD, CA04-dNS1, and CA04-WT viruses varied with 33 �C, 37 �C, and 39 �C conditions in MDCK cells. Data are
shown as mean ± SD of results from three independent experiments. Analysis was performed by two-way repeated-measures ANOVA and ordinary one-way ANOVA multiple
comparison. Significance was set at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (c) Confocal analysis of the RBD and HA protein expressed by the influenza vector in
MDCK cells. The co-expression of RBD and HA could be detected only for dNS1-RBD. MDCK cells were fixed 72 h after infection. Red fluorescence indicates the RBD; green
fluorescence indicates HA. (d) Immunoblot analysis of RBD and NP expression in denatured and nondenatured cell lysate samples 36 h after infection with dNS1-RBD (1),
CA04-dNS1 (2), and CA04-WT (3). Most of the secreted RBD protein for dNS1-RBD formed an RBD trimer, with RBD rarely existing in the dimer form. (e) Plaque assay and
sandwich ELISA analysis of RBD expression were performed on the virus supernatant harvested from serial passages 1 to 10 of dNS1-RBD. Significance was determined by
one-way ANOVA with the Kruskal–Wallis test. ns, not significant.
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sue of placebo controls (Fig. 2c). Interestingly, dNS1-RBD and
CA04-dNS1 seem to induce similar protection against SARS-CoV-
2, demonstrating that this rapid protective immune could be
attributed to the nonspecific immune induced by CA04-dNS1
vector.

Having observed rapid protective efficacy of dNS1-RBD against
infection by Beta variant, we further evaluated its prolonged pro-
tection (Fig. 3a). Upon Beta variant infection for hamsters at
9 months post vaccination, while the placebo groups lost an aver-
age of 14.6% of body weight by 7 d post infection (Fig. 3b), the vast
majority of dNS1-RBD immunized hamsters were still well pro-
tected with slight histological changes with significant reduction
of viral loads (Fig. 3c, d, and h). We next assessed the prolonged
protective efficacy of dNS1-RBD against Beta variant when ham-
sters were inoculated 12 months before challenge. Remarkably,
the weight loss was diminished in vaccinated groups compared
to placebo control hamsters (5.7% vs 11.4%, P = 0.0127) (Fig. 3e)
and the pathological images change to a lesser degree with mild
perivascular and alveolar infiltration in medium areas in 75%
(3/4) animals (Fig. 3g, i), such as the E223 hamsters showed consol-
idated pathological lesions in all four lung sections, suggesting the
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protective immune response induced by dNS1-RBD proved to
decline but last at least one year in hamster models.

When the Omicron variant outbreaks 6 months ago, more data
are needed to understand the vaccine effectiveness against Omi-
cron in this predominant trend. Indeed, while the attenuated repli-
cation and pathogenicity of Omicron variant for wild-type
hamsters, infection by Omicron variant caused milder body weight
loss, clinical disease, and lung pathology change compared to other
variants of concern [32,33]. Thus, the vaccinated hamsters were
evaluated for Omicron variant challenge by intranasal inoculation
directly, compared to the contact-transmission challenge for pro-
totype strain (Fig. 4a). For hamsters at 3 months post prime-
boost vaccination, the placebo hamsters against prototype strain
showed obvious weight loss (mean: �10.7%) with pulmonary
edema and hemorrhage (Fig. 4b, h), while infection by Omicron
variant reached the clinical endpoint at 5 dpi and cause less body
weight loss (mean: �1.9%) with fewer pathological change in the
alveoli and bronchial epithelia (Fig. 4e, i). In contrast, dNS1-RBD
completely protected the animals from morbidity with no weight
loss observed against both prototype strain and Omicron variant,
and keep lungs normal, or near to normal with no more signs of



Fig. 2. Rapid protective efficacy of dNS1-RBD and CA04-dNS1 against SARS-CoV-2 challenge in Syrian hamsters one d after vaccination. (a) The hamsters received a single
dose of dNS1-RBD, CA04-dNS1 control, and placebo control 1 d before virus challenge were evaluated with co-housed transmission mode. Virus-carrying hamsters (donors)
were pre-infected via inoculation of 1 � 103 PFU of SARS-CoV-2 of Beta strain through the intranasal route. Each donor was then transferred to a new cage and cohoused with
four vaccinated or placebo control animals. 1 d after cohousing, donors were isolated from the cage, and the other hamsters were further observed. (b) Changes in the body
weights of hamsters were recorded following cohousing exposure. The average weight loss of each group at 7 dpi is indicated as a colored number. Data are shown as
mean ± SD. Significant differences compared to the placebo group were analyzed using two-way repeated-measures ANOVA with Dunnett’s multiple comparisons test. (c)
Viral loads of lung tissue obtained at 5 dpi from hamsters challenged by Beta strain were determined by RT-PCR. Data are shown as mean ± SD; significance was determined
by ordinary one-way ANOVA multiple comparison. Symbols represent individual hamsters. (d) Comprehensive pathological scores of the hamster lungs. Scores were
determined based on the severity and percentage of injured areas for the whole lung tissue collected from the indicated animal. Significance compared to the placebo group
was determined by ordinary one-way ANOVAmultiple comparison. (e) H&E staining of lung sections from tested hamsters collected on day 5 after cohousing exposure. Views
of the whole lung lobes (4 independent sections) are presented in the above panel (scale bars, 1 mm), and the areas in the small black boxes are enlarged in the lower panel
(scale bars, 100 lm).
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bronchopneumonia after prototype strain and Omicron variant
infection. In line with the protective results above, the immunized
hamsters by dNS1-RBD show slight reduction in viral loads but
mitigate the disease development to minimize the pathological
change against both prototype and Omicron strain, suggesting that
the dNS1-RBD might be still effective for new variants in future.
(Fig. 4c, d, f, and g).

Taken together, these results demonstrated that dNS1-RBD vac-
cination could efficiently block the pathogenicity of homogeneous
and heterogeneous SARS-CoV-2 infection in golden Syrian ham-
sters in the direct contact model in the short and long term.

3.3. Intranasal inoculation of dNS1-RBD promotes comprehensive local
immunity in the respiratory tract

It is well recognized that at least several days or weeks are
needed before protective adaptive immunity is adequately acti-
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vated. To understand the mechanism of the rapid and robust pro-
tection induced by intranasal administration of dNS1-RBD, the
levels of innate immune response biomarkers in the respiratory
tract of BALB/c mice after intranasal administration of dNS1-RBD
were compared to those in placebo controls and animals infected
with CA04-WT and CA04-dNS1 virus (Fig. 5a, b). The results
showed that the levels of the proinflammatory cytokines and
chemokines interleukin (IL)-6, IL-1a, IFN-c, IFN-a, monocyte
chemoattractant protein (MCP)-1, interferon-inducible protein
(IP)-10, macrophage inflammatory protein (MIP)-2a, MIP-1b, gran-
ulocyte–macrophage colony-stimulating factor (GM-CSF), and
tumor necrosis factor (TNF)-a, which are linked to the activation
of innate immunity against respiratory viruses, were significantly
elevated in lung tissue of mice 24 h post immunization for both
CA04-dNS1 and dNS1-RBD compared to CA04-WT. At 3 or 5 d post
inoculation, only CA04-WT group maintained activated state for
cytokines and even climbed to peak levels at 5 d post inoculation,



Fig. 3. Prolonged protective efficacy of dNS1-RBD against SARS-CoV-2 challenge in Syrian hamsters co-housed transmission model after two-dose vaccination. (a) The
hamsters after two-dose vaccination were challenged by Beta strain of SARS-CoV-2 at 9 months and even 12 months after vaccination respectively. The hamsters treated with
virus protectant was used as placebo controls. (b, e) Changes in the body weights of hamsters were recorded following cohousing exposure. The average weight loss of each
group at 7 dpi is indicated as a colored number. Data are shown as mean ± SD. Significant differences compared to the placebo group were analyzed using two-way repeated-
measures ANOVA with Dunnett’s multiple comparisons test. (c, f) Viral loads of lung tissue obtained at 5 dpi from hamsters challenged by Beta strain were determined by
TCID50 assay. Data are shown as mean ± SD; significance was determined by two-tailed Student’s t-test. Symbols represent individual hamsters. (d, g) Comprehensive
pathological scores of the hamster lungs. Scores were determined based on the severity and percentage of injured areas for the whole lung tissue collected from the indicated
animal. Significance compared to the placebo group was determined by two-tailed Student’s t-test. (h, i) H&E staining of lung sections from tested hamsters collected on day 5
after cohousing exposure. Views of the whole lung lobes (4 independent sections) are presented in the above panel (scale bars, 1 mm), and the areas in the small black boxes
are enlarged in the lower panel (scale bars, 100 lm).

J. Chen et al. Science Bulletin 67 (2022) 1372–1387

1379



Fig. 4. Broad protective efficacy of dNS1-RBD against SARS-CoV-2 challenge in Syrian hamsters co-housed transmission model after two-dose vaccination. (a) The hamsters
after two-dose vaccination were challenged by prototype and Omicron strain of SARS-CoV-2 at 3 months after vaccination respectively. The hamsters treated with virus
protectant were used as placebo controls. (b, e) Changes in the body weights of hamsters were recorded following cohousing exposure. The average weight loss of each group
at 7 dpi is indicated as a colored number. Data are shown as mean ± SD. Significant differences compared to the placebo group were analyzed using two-way repeated-
measures ANOVA with Dunnett’s multiple comparisons test. (c, f) Viral loads of lung tissue obtained at 5 dpi from hamsters challenged were determined by TCID50 assay.
Data are shown as mean ± SD; significance was determined by two-tailed Student’s t-test. Symbols represent individual hamsters. (d, g) Comprehensive pathological scores of
the hamster lungs. Scores were determined based on the severity and percentage of injured areas for the whole lung tissue collected from the indicated animal. Significance
compared to the placebo group was determined by two-tailed Student’s t-test. (h, i) H&E staining of lung sections from tested hamsters collected on day 5 after cohousing
exposure. Views of the whole lung lobes (4 independent sections) are presented in the above panel (scale bars, 1 mm), and the areas in the small black boxes are enlarged in
the lower panel (scale bars, 100 lm).
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which might cause cytokine storms. In the meantime, CA04-dNS1
and dNS1-RBD were found as similar innate immune response
kinetics and only induced moderate and rapid anti-viral immune
response at 1 d post vaccination with few cytokines detectable at
3 or 5 d post inoculation, which might contribute to rapid protec-
tion against SARS-CoV-2. As they were treated with a nasal spray
vaccine, dNS1-RBD-vaccinated animals were expected to produce
robust and RBD-specific cell-mediated immunity (CMI) compared
to CA04-dNS1 (Fig. 5c), and had a significantly greater number of
RBD-specific immune cells within the respiratory system than
among PBMCs or lymphocytes from the spleen and cervical lymph
nodes (Fig. 5d) after prime-boost immunization, which suggested
that the CMI response induced by dNS1-RBD is local and intensive
in the respiratory tract. In particular, the RBD-specific cellular
immune response was 22 times higher than that in PBMCs
(Fig. 5d), which poses a challenge in evaluating the immune
response of this vaccine based on PBMC test results in clinical
trials.

For RBD-specific T cell activation and proliferation, the CMI
response reached a peak at 7 d after a single-dose intranasal
administration, with more rapid and robust response dynamics
compared to those of the humoral response, and fell to a moderate
level at 42 d following the prime-boost regimen with a 2-week
interval (Fig. 5e). Although the CMI response progressively waned,
the specific T cell response from 9/10 animals was detectable at
3 months by IFN-c ELISPOT after booster immunization, with
6/10 animals further proven to be positive at 6 months. In addition
to the longevity of vaccine-induced immunity, a substantial num-
ber of CD4+ and CD8+ T cells in the lungs of mice vaccinated with
dNS1-RBD showed upregulated expression of the tissue-resident
memory (TRM) marker CD69, while dNS1-RBD-generated CD8+

TRM cells also expressed the canonical CD8+ TRM marker CD103
(Fig. 5g and Fig. S3 online), indicating that vaccination with
dNS1-RBD generated lung-resident memory RBD-specific CD4+

and CD8+ TRM populations. Three months post 2nd vaccination
with a 14-d interval, activation and proliferation of memory
CD69+CD103+ TRM cells could be detected 7 d after the boost
inoculation.

As a recent study showed that SARS-CoV-2 variants (B.1.1.7 in
the UK, B.1.351 in South Africa, B.1.525 in Nigeria, P1 in Brazil,
and especially Omicron) are relatively resistant to serum from
individuals who have recovered from COVID-19 or serum from
individuals who have been vaccinated against SARS-CoV-2 [34],
we used peptides covering the RBD with key mutations from the
major variants (including Alpha, Beta, Gamma, Delta, Kappa, Eta,
Iota, Lambda, Mu, Omicron BA.1, and Omicron BA.2) and prototype
strains to stimulate lymphocytes and found similar RBD-specific T
cell responses in the lungs from vaccinated mice, especially for the
latest BA.1 and BA.2, suggesting that the key mutants are still cov-
ered by the dNS1-RBD vaccine (Fig. 5f).

Notably, bioinformatics analyses suggest that the majority of
CD4+ and CD8+ T cells epitopes are unaffected by mutations,
regardless of whether early or late variants were considered
Fig. 5. The profile of immune responses in the respiratory tract and blood induced by in
mice vaccinated with dNS1-RBD, CA04-dNS1 and CA04-WT were assayed for cytokine
showing the scaled expression level of 36 immune response genes on days 1, 3, and 5 af
levels of 10 cytokines and chemokine that were significantly reduced in dNS1-RBD an
expressed as ng/mL. (c) Pulmonary lymphocytes collected 7 d after immunization by dNS
the peripheral blood, spleen, lung, and lymph nodes collected 14 d after booster immuniz
pulmonary lymphocytes from C57BL/6 mice vaccinated intranasally with two doses, wit
Data are the median with IQR; ns, not significant (P > 0.05); significance was determined
under pre-stimulation of various peptide pools covering the spike of SARS-CoV-2 variants
at a 14-d interval. TRM markers expressed in pulmonary T cells were detected in mice bo
interval. (h) RBD-specific IgA levels in BAL fluid and IgG levels in serum were measured by
14. Data for antibody analysis are presented as the geometric mean with the geometric SD
as mean ± SD; significance was determined by ordinary one-way ANOVA multiple comp
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including Omicron [35], in line with the above T cell response
which can cross-recognize variants from Alpha to Omicron induced
by dNS1-RBD. To identify the T cell epitopes of dNS1-RBD, an IFN-c
ELISPOT assay was performed by stimulating the pulmonary lym-
phocyte obtained from immunized mice 7 d after single immuniza-
tion with 6 segmented peptide pools covering the RBD region
(Table S1 online). After rounds of screening, the level of response
provoked by treatment with the RBD539-546 peptide was similar
to the SFU values stimulated with the entire RBD peptide pool,
while only RBD509-519 of the other 56 individual RBD peptides
induced the production of IFN-c responses (Fig. S4a–d and
Table S2 online). In sum, these epitope mapping data showed the
preservation of T cell recognition of Omicron RBD (BA.1 and
BA.2) was 100% (16/16) (Fig. S4e online) and suggested that
dNS1-RBD appears to elicit more broad RBD-specific T cell
response, which is related to the protective efficacy against Omi-
cron in hamster challenge model.

In-depth profiling of the T cell compartment by intracellular
cytokine staining confirmed a significant increase in RBD-specific
IFN-c+ effector memory T cells in the lung, spleen, and cervical
lymph nodes (Fig. S5b online), RBD-specific TNF-a+ CD8+ T cells
in the lung and spleen (Fig. S5c online) and RBD-specific IL-
2+CD8+ T cells in the lung (Fig. S5d online) from immunized mice
in comparison with those from mice in the control group upon
ex vivo stimulation with pools of overlapping 15-mer RBD peptides.
Significant enrichment of other subpopulations, such as IL-2+, IFN-
c+, and TNF-a-expressing CD4+ T lymphocytes, was not observed.
The robust production of IFN-c from CD8+ T cells indicated a favor-
able immune response with both antiviral and immune-
augmenting properties, suggesting the induction of a Th1-biased
cellular immune response and the potential safety of this vaccine.

Serum samples and bronchoalveolar lavage fluid (BAL) were
also collected 14 d after primary or booster immunization, and
RBD-specific sIgA or IgG responses were evaluated by ELISA
(Fig. 5h). The levels of RBD-specific sIgA and IgG titers increased
significantly for dNS1-RBD groups but not CA04-dNS1 groups after
boost immunization and peaked at 28 d post immunization, with
all mice seroconverting. Whereas vaccines can induce the produc-
tion of moderate levels of RBD-specific sIgA and IgG, the neutraliz-
ing activity of the induced antibodies was below the limit of
detection.

Overall, these data suggest that dNS1-RBD vaccination rapidly
elicits vigorous and long-lived local innate and adaptive immune
responses in the local respiratory tract that confer protection
against SARS-CoV-2 infection.

3.4. Broad protection of dNS1-RBD against influenza in BALB/c mice

To confirm the protective ability of dNS1-RBD vaccine in influ-
enza virus infection, mice were immunized with 50 lL (1 � 106

PFU/mL) of dNS1-RBD and CA04-dNS1 viruses via the nasal route
and inactivated CA04-WT virus intramuscularly and boosted 14 d
later (Fig. 6a). NP-specific IgG and Flu-specific cell-mediated
tranasal administration of dNS1-RBD in mice. (a, b) Lung homogenates from BALB/c
and chemokine expression levels by ProcartaPlex immunoassays. (a) Heat maps
ter vaccination, normalized to the relative value of placebo controls. (b) Expression
d CA04-dNS1 immunized mice 1 d after vaccination were analyzed. The data are
1-RBD and CA04-dNS1 were subjected to IFN-c ELISPOT assays. (d) Lymphocytes in
ation at day 14 were subjected to IFN-c ELISPOT assays. (e) IFN-c ELISPOT assays for
h a booster at day 14 to assess T cell response kinetics at the indicated time points.
by one-way ANOVA with the Kruskal–Wallis test. (f) The responses were assessed
. (g) TRM markers expressed in pulmonary T cells 2 weeks after booster vaccination
osted with an extra 3rd inoculation 3 months after booster vaccination with a 14-d
ELISA for BALB/c mice vaccinated twice by dNS1-RBD and CA04-dNS1 at days 0 and
from four independent experiments. LLOD-lower limit of detection. Data are shown
arison (b–f) or two-tailed Student’s t-test (g, h). ns, not significant.



Fig. 6. Immunogenicity and protective efficacy against influenza virus of dNS1-RBD in BALB/c mice. (a) Scheme of vaccination and challenge. Six-week-old BALB/c female
mice were immunized dNS1-RBD, CA04-dNS1, and CA04-WT via intranasal route, and the mice treated with virus protectant were used as placebo controls. On day 30 post
immunization, mice were challenged with 25 MLD50 of A/California/04/2009 (H1N1) and A/Qinghai/15/2005 (H5N1). (b) Antibody response in sera of immunized mice at 14
d after boosting was evaluated. (c) Cellular immune responses for IFN-c in the lung were assessed at 14 d after boosting for pulmonary lymphocyte by stimulation with
pooled peptides of influenza A virus for 24 h. (d–i) Survival curves and body weight changes for BALB/c mice (n = 5 per group) against lethal challenge with 25 MLD50 of A/
California/04/2009 (H1N1) (d, e) and A/Qinghai/15/2005 (H5N1) (g, h) are shown. Viral loads of lung tissue obtained at 5 dpi challenged by the H1N1 (f) or H5N1 (i) were
determined by TCID50 assay. All data are shown as mean ± SD from four independent experiments; error bars reflect SD. Significant differences compared to the placebo
group were analyzed using two-way repeated-measures ANOVA with Dunnett’s multiple comparisons test (e, h) or by ordinary one-way ANOVA multiple comparison (b, c, f,
and i).
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immune (CMI) response for pulmonary lymphocyte by IFN-c ELI-
SPOT was detected at 14 d after boost immunization, and showed
that dNS1-RBD and CA04-dNS1 virus could induce Flu-specific
moderate IgG level and robust T cell response in lung tissue com-
pared to CA04-WT vaccine (Fig. 6b, c). To further assess whether
the dNS1-RBD vaccine can provide protection against homologous
and heterologous influenza virus challenges, two mouse-adapted
(MA) H1N1 and H5N1 viruses were used to evaluate the prophy-
lactic efficacy. The results showed that the dNS1-RBD and CA04-
dNS1 virus vaccination provided broad and considerable prophy-
lactic activity in mice against lethal dose of both representative
influenza A viruses compared to CA04-WT group. Immunization
with either vaccine or CA04-WT fully protected against lethal chal-
lenge with mouse-adapted H1N1 virus and no virus was detected
in the lung tissues of mice from vaccinated groups at day 5 post
infection (Fig. 6d–f). Interestingly, immunization with dNS1-RBD
and CA04-dNS1 virus also protected against H5N1 virus challenge
compared to CA04-WT group, with mice displaying only slight
body weight loss during the first 5 d of infection, followed by full
recovery (Fig. 6g, h). Consistent with this body weight loss, virus
titer in the lungs of mice immunized with dNS1-RBD and CA04-
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dNS1 virus were significantly lower than CA04-WT group for
H5N1 virus challenge (Fig. 6i), further demonstrating that dNS1-
RBD and CA04-dNS1 virus provide better cross-protective activity
than CA04-WT virus.

Thus, the dNS1-RBD vaccine appears to be a promising candi-
date for the development of universal vaccines against influenza
virus and SARS-CoV-2 infection.

4. Discussion and conclusion

To date, all COVID-19 vaccines approved are administered by
intramuscular injection to elicit the production of primarily serum
neutralizing antibodies and systemic T cell responses to fight
against SARS-CoV-2 infection [6]. However, intramuscular vaccines
induce poor local immunity in the respiratory tract, which is the
primary infection site for SARS-CoV-2 [18]. It is evident that these
vaccines are protective against severe diseases even in children
[36], however, breakthrough infections among vaccinated individ-
uals are common [8,9,37,38]. How to achieve more effective pre-
vention of infection or transmission has become extremely
important in the ongoing response to the COVID-19 pandemic.
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One solution is to enhance the local immunity in the respiratory
tract. Cold-adapted, live attenuated intranasal influenza vaccines
have been used for more than a decade and shown to be effective
in seasonal influenza, in particular among young children [39].
Based on this concept, we have developed a live attenuated influ-
enza vector (dNS1) by deleting viral immune modulator, the NS1
protein, from viral genome and identified adaptative mutations
to support virus replication in eggs or MDCK cells which are com-
monly used for vaccine production. Using this dNS1 vector, we
inserted the RBD gene of SARS-CoV-2 into the deleted NS1 site
and made an influenza viral vector vaccine for COVID-19 (dNS1-
RBD). This vaccine system has a few unique advantages which
are immunogenic due to the lack of the NS1 which is a strong
immune antagonist; it is extremely safe for use in all age groups;
similar to the intranasal influenza vaccines, it is used intranasally
to specifically induce mucosal immunity in the respiratory tract.

Our data showed that intranasal immunization of this dNS1-
RBD vaccine can induce rapid protective, long-lasting and broad
immunities in hamsters when immunized hamsters were chal-
lenged 1 d after single-dose vaccination or 9 months after booster
vaccination. The protective immune response largely mitigated the
lung pathology, with no apparent loss of body weight, caused by
either the prototype-like strain or Beta variant and Omicron vari-
ant, suggesting cross-protective properties of this vaccine. This
study demonstrates that nasal vaccines may offer an attractive
alternative in fighting against the COVID-19 pandemic.

What is special about this vaccine is that it is effective in pre-
venting the pathological changes caused by COVID-19 without
high levels of neutralizing IgG antibodies, which is different from
traditional vaccines mainly based on neutralizing antibodies. We
believe that there are at least three aspects of the protective
immune mechanism based on the current data. (i) Previous studies
have reported that LAIVs induce the innate immune response in
the nasal epithelium in animals, which not only is crucial for viral
clearance and attenuation but also may play an important role in
the induction of a protective immune response [40]. In this study,
we also observed the activation and secretion of antiviral cytokines
and chemokines in lung tissue from vaccinated mice and corre-
lated their production with rapid protection in hamsters. (ii) We
believe that robust and local RBD-specific T cell responses should
contribute to providing effective protection against SARS-CoV-2
infection [41]. Considering resident memory CD8+ T cells, which
are thought to provide long-lasting and broad-spectrum immune
protection for LAIVs[42], our data suggest that dNS1-RBD has the
potential to confer long-lasting protective immunity, particularly
around the bronchoalveolar space and lungs. Consistently, the
hamster challenge results showed that dNS1-RBD conferred persis-
tent protection against both the prototype-like strain and beta
variant at 9 months after vaccination. (iii) Regarding the humoral
immune response, RBD-specific IgA in BAL fluid and IgG in serum
could be detected at a moderate level, which may effectively inhi-
bit SARS-CoV-2 in the upper airways and nasal passages [43]. Cer-
tainly, the translational gap for animal to human cannot be
ignored, because the human immune system is more sophisticated
and the local environment of the nasal or respiratory tract is
‘‘messy” rather than ‘‘naïve”. That could be factors influencing
the immune response induced by our vaccine with possible pre-
existing immune. However, the phase I/II clinical trial of the vac-
cine showed that pre-existing H1N1 antibody has no negative
effect on the T cell response for our vaccine. In any cases, the effi-
cacy of dNS1-RBD will be confirmed in the near future by the
results of the ongoing phase III trial.

LAIVs for intranasal administration were first licensed in the
Soviet Union in 1987, the US in 2003, and Europe in 2012, and have
a proven record of efficacy over decades of use [38,44,45]. How-
ever, the immune response to LAIVs is multifaceted and does not
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necessarily involve a serum antibody response; LAIVs have been
licensed based on efficacy trials that measure protection rather
than correlates of protection. A human challenge trial of LAIVs (Flu-
Mist�) also suggested that a low antibody response was not
directly associated with low protective efficacy. In that study, the
virus challenge results indicated that the LAIV had the equivalent
and even improved efficacy of trivalent inactivated vaccine (TIV),
while a higher seroresponse rate was induced by the TIV [17]. In
general, the induction of the production of mucosal antibodies
and a local T cell response by FluMist� was similar to those
induced by dNS1-RBD in adults [24]. As we can find in COVID-19
vaccine tracker and landscape from WHO, there are other
influenza-based vaccines for COVID-19 using different strategies
in pre-clinical trials. Indeed, the attenuated virus based on NS1
modification mutants, which is a virulence element and the critical
factor for regulation of the host immune response, might not
merely act as an attenuation strategy, but exhibit more potent
and long-lasting immunity compared to cold-adapted influenza
virus through activating multidimensional immune responses by
NS1 gene deletion.

Data from three earlier-phase clinical trials involving 1084
naïve adults showed that dNS1-RBD is very well tolerated and
immunogenic in inducing the production of mucosal IgA, systemic
T cell responses, and IgG against the RBD of SARS-CoV-2 [24].
Undoubtedly, a phase III clinical trial conducted in COVID-19 epi-
demic countries is essential to finally determine the efficacies of
dNS1-RBD against pivotal clinical outcomes associated with
SARS-CoV-2 infection in humans, which is expected to be initiated
soon in multi-international sites (ChiCTR2100051391).

Thus, dNS1-RBD, an intranasally delivered vaccine candidate
based on a LAIV vector, is unique for offering very rapid and pro-
longed broad protection against SARS-CoV-2 infection by inducing
comprehensive local immune responses in the respiratory tract
and might be a very promising vaccine that could fill the gap of
current intramuscular vaccines. Further studies should be con-
ducted to understand the unique immune activation and protec-
tion mechanism of intranasal immunization dNS1-RBD for SARS-
CoV-2 in humans. Furthermore, our proposed flu-based vaccine
can also offer protection against seasonal human influenza viruses,
representing a potential approach to fight against a possible ‘‘twin-
demic” of COVID-19 and flu in the future.
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