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Human respiratory syncytial virus (HRSV) is a leading cause of lower respiratory tract infections in
elderly individuals and young children/infants and can cause bronchiolitis and even death. There is no
licensed HRSV vaccine. An ideal vaccine should induce high titers of neutralizing antibodies and a Th1-
biased immune response. In this study, we used EXPI293 cells to express the fusion (F) protein with a pre-
fusion conformation (PrF) and compared the safety and efficacy of intranasal immunization with PrF in
combination with two mucosal adjuvants (CpG ODN and liposomes) in mice. After two intranasal admin-
istrations, mice in the PrF + CpG group produced high titers of neutralizing antibodies (4961) and a Th1-
biased immune response compared with the PrF + Lipo group. The lung viral load of mice in the PrF + CpG
group was significantly reduced (3.5 log) compared with that in the adjuvant control group, and the sur-
vival rate was 100 %, while the survival rate of mice in the PrF + Lipo group was only 67 %. At the same
time, this immunization strategy reduced the pathological damage to the lungs in mice. In conclusion, the
combination of PrF and CpG adjuvant is immunogenic, elicits a Th1 type immune response, and com-
pletely protects mice from a lethal HRSV challenge. It is worthy of further evaluation as an HRSV vaccine
in clinical trials.
Clinical trial registration.
This study was not related to human participation or experimentation.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Human respiratory syncytial virus (HRSV) is the leading cause
of acute lower respiratory tract infection (ALRI) in infants and
young children worldwide, as well as the major pathogen infecting
the elderly and immunocompromised populations [1]. In 2015,
33.1 million HRSV-ALRIs occurred in children under 5 years of
age worldwide, resulting in approximately 3.2 million hospitaliza-
tions and 59,600 hospitalized deaths. Of these, approximately 45
percent of HRSV-ALRI hospitalizations and in-hospital deaths
occurred in children younger than six months of age [2]. In addi-
tion, in 2015, the number of hospitalizations for HRSV acute respi-
ratory infection (ARI) in the elderly worldwide was estimated at
336,000, with approximately 14,000 hospitalized deaths [3].
Although mortality due to HRSV is lower in developed countries
than in developing countries, the social and economic burdens
associated with HRSV globally are quite high [4–5]. The global
direct medical costs associated with inpatient and outpatient
HRSV-ALRIs in young children were estimated to be approximately
4.82 billion EUR in 2017, with developing countries alone account-
ing for 3.13 billion EUR, placing a huge economic burden on health
systems, governments and society [6].

Despite the high disease burden, there is still no licensed HRSV
vaccine. The development of an effective HRSV vaccine faces many
obstacles and challenges. In the 1960 s, the formaldehyde-
inactivated HRSV vaccine (FI-HRSV) not only failed to prevent
HRSV infection in infants and young children but also caused
enhanced respiratory disease (ERD), with an infant hospitalization
rate as high as 80 %, and eventually-two infants died, causing the
development of the RSV vaccine to nearly stall [7]. To develop a
safe vaccine, understanding the mechanisms that lead to ERD is
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critical. A widely accepted theory is that the increased severity of
lung disease caused by FI-HRSV is due to low antibody neutraliza-
tion capacity and an overactive Th2-biased immune response [8–
9].

HRSV has three transmembrane glycoproteins: the highly gly-
cosylated G protein, the F fusion protein, and the small hydropho-
bic SH protein. Among them, G protein and F protein are the only
two protective antigens. The antigenic variability of G protein in
the two subtypes of HRSV A and B is relatively large, while the F
protein is highly conserved. The neutralizing antibodies induced
by the F protein can inhibit the viral infection of the two subtypes
with similar efficiency [10]. Therefore, the F protein has become
the main target of neutralizing antibodies and vaccine develop-
ment. During intracellular maturation, the HRSV F precursor (F0)
is cleaved by the furin protease to generate disulfide-linked F1
and F2 fragments. When the virus fuses with the host cell mem-
brane, the F protein changes from a prefusion conformation to a
postfusion conformation. According to a previous study, the most
potent neutralizing antibody recognized a neutralizing site present
only in the prefusion F protein [11]. According to the Program for
Appropriate Technology in Health (PATH) statistics, as of Septem-
ber 2021, 27 vaccine candidates were in different stages of clinical
trials, three of which have entered Phase III, including two subunit
vaccines and one adenovirus vector vaccine, all based on the prefu-
sion F protein design [12].

It is one of the regulatory requirements to provide ERD survey
data for vaccine candidates before entering clinical trials [13].
Therefore, in addition to enhancing neutralizing activity through
structure-based approaches, a safe HRSV vaccine should simulta-
neously induce a Th1-biased cellular response. A previous report
has also shown that promoting a balanced, HRSV-specific, Th1-
biased immune response can clear viral infections without causing
excessive or damaging inflammation in infected tissues [14]. A pre-
fusion F vaccine formulated with alum (aluminum hydroxide)
induces a Th2-biased immune response in mice that exacerbates
airway eosinophilia and mucus accumulation when exposed to
HRSV. In contrast, the prefusion F vaccine containing the Th1/Th2
balanced adjuvant Advax-SM not only inhibited HRSV replication
but also prevented airway eosinophilia and mucus accumulation
[15].

For viruses transmitted by the respiratory tract, intranasal
immunization is considered attractive because it induces strong
systemic and nasal mucosal immune responses [16] and robust
tissue-resident memory CD8 T cells (TRMs), which act as the first
line of defense against recurrent infection. It has been proven to
have a special role in the prevention of HRSV disease [17–18].
Meanwhile, our previous study also showed that the intranasal
immunization of F protein with CpG oligodeoxynucleotide (CpG
ODN) adjuvant was superior to the intramuscular immunization
for the induction of mucosal IgA antibodies or neutralizing anti-
bodies [19].

However, intranasal immunization with HRSV F protein alone
will not produce protective immunity, and therefore it must rely
on safe and effective mucosal adjuvants to enhance the immune
response [20]. Liposomes are closed annular sac-like structural
bodies composed of lipids and cholesterol with low reactogenicity
that are capable of carrying a variety of antigens, other adjuvants
and/or functional molecules to further enhance the immune-
enhancing effect or initiate an immune response of the Th1 and/
or Th2 pathways, thereby establishing ideal immunity [21–22].
CpG ODN is a toll-like receptor 9 (TLR9) agonist that induces IL-
12 production in antigen-presenting cells (APCs) and subsequently
stimulates an antigen-specific Th1-mediated cellular immunity
response involving cytotoxic T lymphocytes (CTLs) [23]. CpG
ODN has been widely used as an adjuvant for various antiviral can-
didate vaccines, such as those against hepatitis C virus (HCV),
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human immunodeficiency virus (HIV) and hepatitis B virus (HBV)
[24]. CpG ODN has also been used in the development of HRSV sub-
unit intranasal vaccines and has been shown to elicit long-term
mucosal and systemic immune responses, including memory CD8
T cells, with complete protection against HRSV challenge [25–26].

In this study, a prefusion F (PrF) vaccine formulated with CpG
ODN elicited strong neutralizing antibodies and improved protec-
tive Th1-biased cellular immune responses compared with the
PrF vaccine formulated with liposomes. When challenged with
lethal HRSV doses, these immune responses enhanced resistance
to viral replication, reduced lung pathology, and improved survival
in mice. In conclusion, our study demonstrates that the combina-
tion of PrF with adjuvant CpG ODN is a safe and protective vaccine
candidate that deserves further study.
2. Materials and methods

2.1. Protein expression and purification

The PrF glycoprotein sequence was derived from the HRSV A
strain (GenBank: KY296733.1). To prevent the transformation of
the structure after furin cleavage, amino acids 98 � 144 of F (in-
cluding the furin cleavage site, p27 peptide and part of the fusion
peptide) were replaced with the flexible linker ‘‘GGGSGGGSGGGS”.
At the same time, to enhance the trimerization of the monomer,
the C-terminal transmembrane segment (TM) and the intracellular
segment were removed and replaced with a b-sheet conformation
Foldon sequence (GYIPEAPRDGQAYVRKDGEWVLLSTFL) derived
from T4 phage. To stabilize the prefusion form of F and maintain
epitope Ø, 6 amino acids were mutated (S155C, S190F, V207L,
S290C, D486C and D489C) [27]. To facilitate purification, a
6 � His tag and a Strep-tag II tag were added to the end of the pro-
tein. The nucleotide sequence was ligated into the expression vec-
tor pcDNA3.4 after codon optimization and transiently transfected
into EXPI293 suspension cells (Thermo Fisher). Cell culture super-
natants were collected on Day 3 after plasmid transfection and ini-
tially purified by Ni-Sepharose chromatography (GE Healthcare),
followed by further protein purification on Strep-Tactin resin (GE
Healthcare).

2.2. SDS–PAGE and western blotting

For SDS–PAGE, purified protein samples were treated with
reducing agents in SDS buffer, heated at 95 ℃ for 5 min, and sub-
jected to gel electrophoresis using a homemade gel. The gel was
stained with rapid staining solution (Biodragon). For western blots,
proteins in the gel were electrotransferred onto nitrocellulose
membranes (GE Healthcare). The membrane was blocked with
10 % fetal bovine serum (FBS) for 1 h at room temperature. After
washing, the membrane was incubated with palivizumab for 1 h
at room temperature, washed, and then incubated with HRP-
conjugated goat anti-human IgG secondary antibody (ZSGB-BIO)
for 30 min at room temperature. After washing the membrane,
detection was performed with a chemiluminescent reagent
(Thermo Fisher).

2.3. Enzyme-linked immunosorbent assay (ELISA)

To assess antibody binding of purified PrF and postfusion F
(Sino Biological), F protein was diluted to 0.5 lg/ml with phos-
phate buffered saline (PBS) in 96-well ELISA plates (Haimen
Yingke) at 4 ℃ overnight and 100 ll was added to each well. Then,
10 % (v/v) FBS was added to PBS, followed by blocking at 37 ℃ for
2 h. The ELISA plates were washed with PBS containing 0.05 % (v/v)
Tween 20 (PBST) and incubated with serial dilutions of 5C4 anti-



H. Ren, H. Li, L. Cao et al. Vaccine 40 (2022) 6830–6838
body (for epitope Ø, which is only present in prefusion F; gifted by
Ningshao Xia from Xiamen University) or palivizumab (for epitope
Ⅱ, which is present in both prefusion F and postfusion F) for 1 hr at
37 ℃. The ELISA plates were washed again and incubated with
HRP-conjugated goat anti-mouse (5C4) or anti-human (palivizu-
mab) IgG secondary antibody (ZSGB-BIO) for 1 h at 37 ℃. After
washing the ELISA plates, the color was developed with 3,30,5,50-tet
ramethylbenzidine (TMB) substrate, the reaction was terminated
with 2 M hydrochloric acid, and the absorbance was measured at
450 nm by a microplate reader.

To evaluate the titers of binding and subtype antibodies (IgG1
and IgG2a) against PrF protein in the sera of immunized mice,
PrF protein was diluted to 0.5 lg/ml with PBS and coated overnight
on ELISA plates at 4 ℃ and 100 ll was added to each well. The
ELISA plates were blocked at 37 ℃ for 2 h and then washed three
times with PBST. Mouse serum was serially diluted 4-fold (starting
with a 1:50 dilution), transferred to the ELISA plates, and incubated
at 37 ℃ for 1 h. After three washes with PBST, HRP-conjugated
anti-mouse IgG, IgG1 and IgG2a secondary antibodies (ZSGB-BIO)
were diluted 1:5000 and added to the ELISA plates for an additional
1 h incubation. The ELISA plates were washed again, TMB was
added to develop color for 10 min, the reaction was stopped with
2 M hydrochloric acid, and the absorbance was measured at
450 nm by a microplate reader. Serum antibody titers (EC50) were
determined by four-parameter curve fitting in GraphPad Prism
8.0.2 software. Background readings were subtracted from each
well prior to curve fitting.

2.4. Negative staining

A total of 0.5 ll of purified PrF protein sample with a concentra-
tion of 0.02 mg/ml was added dropwise to the carbon-coated cop-
per grid with a hydrophilization treatment, and after standing for
45 s, excess water was gently wiped off with filter paper. The cop-
per grid was quickly cleaned with three drops of ultrapure water
and three drops of 0.2 % (w/v) uranyl acetate. The copper grid
was in contact with the last drop of 0.2 % (w/v) uranyl acetate
for 45 s and blotted dry with filter paper. The samples were exam-
ined using a Talos L120C (accelerating voltage 120 kV) with a sam-
ple magnification of 57000 �.

2.5. Vaccination and challenge

Female BALB/c mice (6–8 weeks) were purchased from Charles
River Laboratories, Beijing, and randomly divided into seven
groups as follows: (1) PrF, (2) PrF + neutral liposome (gifted from
Maxvax) (PrF + Lipo), (3) PrF + CpG (Invivogen), (4) neutral lipo-
some control, (5) CpG control, and (6) and (7) placebo groups (pro-
tein buffer). The protein dosage was 15 lg. Except for the seventh
group (placebo/mock), which had 6 mice, the other groups had 15
mice. Nasal immunization was performed on Days 0 and 21 in a
volume of 50 ll. Two weeks after the second immunization, all
but the seventh group (placebo/mock) were challenged with the
RSV/Long strain (1 � 106 PFU in 50 ll). Mice were lightly anes-
thetized with isoflurane for immunization and RSV challenge. At
4, 7 and 10 days post-challenge/infection (dpi), 5 mice in each
group (2 in the placebo/mock) were sacrificed, and the lungs and
spleens were removed. The left lung was perfused with 4 %
paraformaldehyde for histopathological examination, while the
right lung was weighed, homogenized and used for nucleic acid
assessment. Spleens were analyzed by ELISpot. After the spleen
was harvested, under sterile conditions, it was sheared, milled,
and processed through a 70 lm cell strainer, and lymphocytes
were isolated by adding lymphocyte separation medium. Serum
samples were collected before the primary immunization and at
14, 34, 39 (4 dpi), 42 (7 dpi) and 45 (10 dpi) days after the primary
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immunization. All animal experiments complied with the require-
ments of the animal experiment ethics inspection of the Chinese
Center for Disease Control and Prevention (No. 20210120001).
The HRSV strain was preserved in the Department of Measles of
the National Institute for Viral Disease Control and Prevention, Chi-
nese Center for Disease Control and Prevention. This strain was
obtained after long-term passage of the Long strain (ATCC, VR-
26) in Hep-2 cells (ATCC, CCL-23).

2.6. HRSV neutralization assay

Mouse serum was treated at 56 ℃ for 30 min to inactivate com-
plement. Starting at a 1:10 dilution, 4-fold serial dilutions of the
serum samples in DMEM with 2 % FBS were prepared. Diluted
serum was mixed 1:1 with the HRSV/Long strain (1500 PFU/ml)
in a total volume of 100 ll. The mixture of virus and serum sam-
ples was incubated at 37 ℃ and 5 % CO2 for 2 h. After incubation,
the mixture was added to Hep-2 cells at a concentration of
3 � 105 cells per well for 1 h of adsorption. The viral fluid was dis-
carded, the cells were covered with 1.2 % carboxymethylcellulose
medium, and the plate was incubated in a 37 ℃ incubator. After
4 days, the overlay was removed, and the cells were fixed with
0.04 % crystal violet stain for 10 min, rinsed and air-dried. The
number of plaques in each well was recorded, and serum neutral-
izing antibody titers (IC50) were determined by four-parameter
curve fitting in GraphPad Prism 8.0.2 software. The HRSV/Long
strain used for the neutralization assay and mouse challenge are
the same stocks.

2.7. Elispot assays

The number of T cells secreting IFN-c and IL-4 was determined
by a mouse ELISpot kit (Mabtech). According to the manufacturer’s
instructions, the ELISA plates precoated with an anti-mouse IFN-c
or anti-IL-4 monoclonal antibody were washed with sterile PBS
and then equilibrated with RPMI 1640 cell culture medium (Gibco)
containing 10 % FBS. Mouse splenocytes (3 � 105 cells/well) were
added to the plates. PrF protein (500 ng/well) was added to the
wells for stimulation. Phytohemagglutinin (PHA) was added as a
positive control. Unstimulated cells served as negative controls.
After 42 h in culture, the cells were removed, and the plates were
treated with biotinylated IFN-c or IL-4 detection antibody, HRP-
conjugated streptavidin and substrate. When the stain was strong
enough to be observed, the plates were rinsed thoroughly with
deionized water, and development was stopped. The number of
spots was determined using an automated ELISpot reader and
image analysis software.

2.8. Digital PCR

The right lung of the mouse was collected, weighed, homoge-
nized, and centrifuged at 5000 rpm for 10 min, and 200 ll of the
supernatant was added to the virus extraction kit (Tianlong Tech-
nology) to extract mouse lung nucleic acid. The primers and probe
sequences of the HRSV N gene (upstream primer sequence:
50AGATCAACTTCTGTCATCCAGCAA30; downstream primer
sequence: 50ATTGATACTCCTAATTATGATGTGC30; probe sequence:
50CACCATCCAACGGAGCACAGGAGAT30) were used to prepare the
droplet generation amplification system. Analysis was performed
with the NaicaTM Crystal Microdroplet Digital PCR System.

2.9. Histopathological staining and statistical analysis

Lung tissue was treated with 4 % paraformaldehyde, paraffin-
embedded and sectioned. Hematoxylin-eosin (HE) and periodic
acid Schiff (PAS) staining and pathological description were
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performed by the pathological sample preparation company. The
histopathologist knew nothing about the experimental design.
The HE-stained lung pathological films were scored according to
the degree of inflammatory cell infiltration in different parts, and
the scores were as follows: 0 (normal), 1 (mild inflammation), 2
(moderate inflammation), 3 (marked inflammation) and 4 (severe
inflammation). The scoring indicators were the degree of alveolar
wall thickening, interstitial pneumonia, alveolitis and bronchiolitis.
The severity of each group was then assessed using the sum of the
pathology scores.

All data were analyzed using GraphPad Prism version 8.0.2. Dif-
ferences between groups were examined using one-way ANOVA
(Tukey). Differences were considered significant if P < 0.05.
3. Results

3.1. PrF protein identification

The PrF protein contains 525 amino acids (Fig. 1A). SDS–PAGE
and western blotting showed that the molecular weight was
approximately 70 kD (Fig. 1B), and the expression level was
approximately 12.5 mg/L. Electron micrographs acquired by elec-
tron microscopy negative staining showed that PrF protein was
in a lollipop-like trimer conformation with a length of approxi-
mately 14 nm (Fig. S1). The ELISA results showed that the PrF pro-
tein reacted with both the 5C4 antibody and palivizumab, while
the postfusion F only reacted with palivizumab (Fig. 1C and D).

3.2. Intranasal immunization with PrF protein and CpG adjuvant
induces a high-level antibody response in mice

To study the immunogenicity of PrF protein, BALB/c mice in
each group were vaccinated with two doses of 15 lg PrF that
was unadjuvanted or formulated into a liposome- or CpG-
adjuvanted vaccine, with an interval of 21 days. Mice receiving pla-
cebo (adjuvant or protein buffer only) served as negative controls.
Serum samples were collected at various time points after vaccina-
tion (Fig. 2A). The results showed that no matter whether it was
after the first immunization (Day 14), after the second immuniza-
tion (Day 34) or after the challenge (Day 39), the combined IgG
antibody titers in the PrF + CpG group were significantly higher
than those in the PrF + Lipo and PrF groups (Fig. 2B). In addition
to inducing high titers of binding antibodies, the PrF + CpG group
also showed induction of high levels of neutralizing antibodies.
After the second immunization (Day 34), the geometric mean titer
(GMT) of neutralizing antibody in the PrF + CpG group reached
3382 (IC50), while that in the PrF + Lipo group was 564 and that
in the PrF group was 131. After the challenge (Day 39), the neutral-
izing antibody titers of the three groups decreased and then tended
to rise, reaching the highest value within the study period at Day
45, with a GMT of 4961 in the PrF + CpG group and 3256 in the
PrF + Lipo group (Fig. 2C).

3.3. Intranasal immunization with PrF protein and CpG adjuvant
induces a Th1-biased immune response in mice

To determine the type of immune response induced, this study
assessed PrF protein-specific IgG1 and IgG2a in serum. The levels of
IgG1 and IgG2a and the ratio of the two (IgG2a/IgG1) in the
PrF + CpG group were significantly higher than those in the
PrF + Lipo and PrF groups before and after the HRSV challenge
(Fig. 3A-C), and IgG2a/IgG1 gradually increased in the PrF + CpG
group, indicating the induction of a more balanced Th1/Th2
response. To further determine the bias of the immune response,
we examined the levels of IFN-c and IL-4 secreted by PrF protein
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in restimulated splenocytes in vitro. Compared with that in the
PrF + Lipo group, the number of IFN-c-secreting cells was signifi-
cantly higher in the PrF + CpG group (Fig. 3D), while the number
of IL-4-secreting cells was lower (Fig. 3E). The PrF + CpG group
had a higher ratio of IFN-c- to IL-4-secreting cells, indicating the
existence of a Th1 bias (Fig. 3F). However, for the PrF + Lipo group,
there was no evidence of Th1 bias in either the IgG2a/IgG1 ratio or
the ratio of IFN-c-/IL-4-secreting cells.

3.4. Intranasal immunization with PrF protein and CpG adju-
vant protects mice from a lethal dose viral challenge and pre-
vents mice from losing weight.

To determine whether the PrF vaccine protects mice from HRSV
infection, all but the seventh group (placebo/mock) were chal-
lenged with 1 � 106 PFU RSV/Long strain 14 days after boosting,
and survival and body weight were monitored daily for 10 days
after challenge. The results showed that the mice in the negative
control group began to die on the second day after challenge,
andmost of the mice in the negative control and PrF protein groups
died on the third day. The PrF protein immunization group had no
protective effect on the mice. All died on the sixth day (Fig. 4A). In
contrast, the survival rate of mice in the PrF + Lipo group was
approximately 67 % and that in the PrF + CpG group was 100 %,
indicating that PrF protein immunization with CpG adjuvant com-
pletely protected mice from lethal doses in a HRSV virus challenge.

All mice began to lose weight after HRSV challenge. Mice in the
PrF + CpG group began to recover starting on the second day after
challenge, and the mice in the PrF + Lipo group began to recover
starting on the third day, while the weight of mice immunized only
with adjuvant and protein buffer continued to decrease (Fig. 4B).
On the second day after challenge, the weight loss of mice in the
PrF + CpG group was significantly less than that in the PrF + Lipo
group (Table S1). These results suggest that PrF protein immuniza-
tion with CpG or liposome adjuvant is protective against HRSV
challenge.

3.4. Intranasal immunization with PrF protein and CpG adjuvant
reduces lung pathology and viral nucleic acid copy number

To investigate the safety of the vaccine, lung pathology in
HRSV-infected mice was assessed by histochemical analysis. Lung
tissue was harvested and stained with HE and PAS to assess lung
histopathology at 4, 7 and 10 days after HRSV challenge. After
HRSV infection, mice in the adjuvant control group exhibited sev-
ere inflammation, with parenchymal lesions in the lungs with dif-
fuse hemorrhage (Fig. 5A). PAS results showed massive mucus
secretion in the lungs (Fig. S2). The normal alveolar structure
was almost invisible in the lungs of mice in the PrF group, the alve-
olar septa were significantly thickened, the capillaries were
dilated, a large number of neutrophils were present in the alveolar
interstitium, and a large amount of mucus was present in the alve-
olar cavity. In contrast, the pulmonary pathology of the PrF + Lipo
group and PrF + CpG group was improved. The alveolar intersti-
tium was dominated by lymphocytes and plasma cells, and the for-
mation of lymphocyte nests and lymphoid nodules was observed
locally. The lung pathological score decreased with increasing
observation time, indicating that although the vaccine-
immunized mice still showed a certain inflammatory response
after challenge, vaccine immunization could alleviate the disease
process after virus infection, and with increasing days, the lung
pathology of the mice was further alleviated (Fig. 5B). However,
compared with the PrF + CpG group, the pulmonary bronchial bea-
ker cells in the PrF + Lipo group had significantly proliferated, and
exudation and some inflammatory cells were observed in the alve-
olar cavity (Fig. S2).

In addition, lung tissue was harvested on Days 4, 7, and 10
postchallenge, and viral nucleic acid copy numbers were mea-



Fig. 1. Evaluation of PrF protein. (A) Schematic diagrams of HRSV PrF protein constructs. (B) Purified PrF protein was analyzed by SDS–PAGE (left panel) and western blotting
(right panel). (C) PrF protein was assessed by ELISA for 5C4 antibody binding. (D) PrF protein was assessed by ELISA for palivizumab antibody binding.

Fig. 2. Antibody responses to PrF protein in this study. (A) Time course of immunization, sampling, viral challenge and measurement. Mice were immunized intranasally (i.n.)
with PrF protein or placebo and boosted with an equal dose of protein at Day 21 post-priming. Serum samples were collected as indicated. Mice were challenged i.n. with the
HRSV/Long strain (1 � 106 PFU in 50 ll). Mock group was only immunized with protein buffer without challenge. Lungs and spleens were harvested at 4 days, 7 days and
10 days after challenge. (B) The ELISA results show serum IgG titers against the HRSV F protein. LD indicates the limit of detection, which is half of the lowest dilution of
serum, and for this experiment, LD = 25. (C) The HRSV/Long strain neutralization assay results show the 50 % neutralization titer. LD is half of the lowest dilution of serum, and
for this experiment, LD = 10. The data represent the geometric means ± SD. Statistically significant differences were measured by appropriate one-way ANOVA (*, P < 0.05; **,
P < 0.01; ***, P < 0.001; ****, P < 0.0001).
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sured. On Day 4 postchallenge, the highest viral load was detected
in the adjuvant control group, and the PrF group was comparable
to the adjuvant control group. Compared with the adjuvant control
group and the PrF group, the average viral nucleic acid copy num-
ber in the PrF + Lipo group and PrF + CpG group was significantly
reduced, with the PrF + Lipo group decreasing by 1.2 log and the
PrF + CpG group decreasing by 3.5 log, which represents a very
low level. On Day 7 postchallenge, 4 of the 5 mice in the
PrF + CpG group had almost no nucleic acid detected in their lungs
(Fig. 5C). These results are consistent with the results of the neu-
6834
tralizing antibody assessment. The higher the neutralizing anti-
body level was, the lower the number of viral nucleic acid copies
in the lungs of the mice after challenge.
4. Discussion

Previous studies have demonstrated that higher neutralizing
antibodies are associated with protection against infection and
reduced viral replication, as well as protection against natural rein-
fection with HRSV [28–29]. In terms of neutralizing antibody pro-



Fig. 3. Types of immune responses to PrF protein. Serum samples were harvested before and after challenge. Mock group was only immunized with protein buffer without
challenge. PrF-specific IgG2a (A) and IgG1 (B) responses were determined by ELISA. The data represent the geometric means ± SD. LD indicates the limit of detection, which is
half of the lowest dilution of serum, and for this experiment, LD = 25. (C) The ratio of IgG2a/IgG1. Spleen cells were harvested at 4 days, 7 days and 10 days after challenge, and
splenic IFN-c (D) and IL-4 (E) responses to PrF protein were determined by ELISpot. The data for the cytokine-secreting cells are expressed as the difference between the
number of spots per 3 � 105 cells in PrF-stimulated wells and the number of spots per 3 � 105 cells in medium-treated wells. The data represent the means ± SD. (F) The ratio
of IFN-c-/IL-4-secreting cells. Statistically significant differences were measured by appropriate one-way ANOVA (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). The
horizontal black dashed line indicates the limit of detection, and dpi indicates the day post-infection.

Fig. 4. Fourteen days after booster immunization, mice were challenged with 1 � 106 PFU of the high-passage HRSV/Long strain, and the survival rate and body weight were
measured daily for 10 days after infection. (A) Survival curves of mice immunized with PrF protein with or without adjuvant after infection (15 mice per group). (B) The
average relative body weight ± SEM of all mice in each group (compared with Day 0). Statistically significant differences were measured by appropriate one-way ANOVA
(compared with placebo) (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001), and the color indicates the group.

H. Ren, H. Li, L. Cao et al. Vaccine 40 (2022) 6830–6838
duction, the titer of neutralizing antibody in rhesus monkeys
immunized with prefusion F was 80 times higher than that
induced by postfusion F [30]. Therefore, prefusion F was selected
as the candidate antigen in this study. By modifying the protein
to give it a stable prefusion conformation [27], the HRSV F antigen
was prepared with a eukaryotic expression system, which
expressed F had a prefusion trimer structure (Fig. 1C and D, S2).

Although candidate prefusion F antigens can generate neutral-
izing antibodies, low immunogenicity remains a problem, as evi-
denced by lower levels of HRSV F-specific and neutralizing
antibodies in the F protein-immunized group (Fig. 2B). Therefore,
prefusion F was formulated with liposomes or an CpG ODN adju-
vant. Of these two formulations, the CpG ODN adjuvant outper-
formed the liposome adjuvant, producing higher neutralizing
antibodies at all time points. In addition, the number of viral
nucleic acid copies in the lungs of mice in the CpG ODN adjuvant
group was also very low. After 4 days of challenge, the number
of viral nucleic acid copies in the lungs was only 102.2, which
was significantly lower than that of the adjuvant control group
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(105.7) (Fig. 5C). More importantly, CpG ODN significantly
enhanced Th1 immune responses in immunized mice, which was
confirmed by the IgG2a/IgG1 ratio and ELISpot analysis (Fig. 3).
Changes in the type of immune response may prevent ERD, as indi-
cated by low viral nucleic acid copy numbers and rapid weight
recovery from viral challenge (Fig. 4B). At the same time, CpG
ODN completely prevented the death of the mice (Fig. 4A), and
although liposomes could increase the production of neutralizing
antibodies and significantly reduce the number of viral nucleic acid
copies in the lungs, they produced a Th2-biased cellular immunity.
After challenge, pulmonary bronchial beaker cells significantly pro-
liferated, and mucus was secreted, which did not fully protect mice
from lethal viral dose challenge. When administered subcuta-
neously or orally to mice, smaller lipid vesicles (<150 nm) have
been reported to promote the development of Th2 responses,
whereas larger lipid vesicles (>200 nm) promote IFN-c and typical
Th1 responses [31–32]; the liposomes used in this study were
approximately 120 nm and therefore may be more biased toward
Th2 responses.



Fig. 5. Histopathological analysis of PrF-immunized mice challenged with HRSV/Long strain. Mock group was only immunized with protein buffer without challenge. (A)
Representative mouse lungs stained with HE at 20 � magnification are shown. Lung tissue infiltration of inflammatory cells (black arrow), local bleeding (red arrow) and
exudation of eosinophilic serous material in the alveolar cavity (green arrow) are marked. The blank indicates that all the mice in that group had died by these time points.
Scale bar (black line): 100 lm. (B) Pulmonary pathology scores were calculated according to the criteria listed in the histopathology section. The data show the means ± SD of
the scores calculated from all mice in each group. (C) Pulmonary viral nucleic acid copy number in lung tissue of immunized mice at 4 days, 7 days and 10 days after
challenge. The results are shown as the means ± SD of viral nucleic acid copy number calculated from all mice in each group. According to the instructions, LD = 20.
Statistically significant differences were measured by appropriate one-way ANOVA (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). The control group was the liposome
and CpG adjuvant control. The horizontal black dashed line indicates the limit of detection, and dpi indicates the day post-infection. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Animal models of HRSV infection are useful for understanding
disease pathogenesis and evaluating treatments. Nonhuman pri-
mates (NHPs), cotton rats, mice, sheep, Syrian hamsters, chin-
chillas, guinea pigs, and ferrets have all been used to study HRSV
[33]. Of these, chimpanzees are the only animal species that are
naturally susceptible to HRSV infection [34]. However, research
using chimpanzees for new vaccines and antiviral treatments is
limited due to the high cost of animal care, and therefore most
such experiments are performed on rodents, especially mice. To
better and more intuitively evaluate the protective effect of the
vaccine, the mouse lethal model was selected in this study. This
model was previously established in our laboratory. The HRSV/
Long strain (ATCCVR-26) was serially passaged on Hep-2 cells 50
times, and the mortality rate of mice after lethal dose challenge
was 100 % [35]. With this model, it was observed that immuniza-
tion of CpG ODN with prefusion F can completely prevent the
death of mice, which presumably may be related to the high neu-
tralizing antibodies and/or Th1-biased immune response, because
the liposome adjuvant group, with a relatively low neutralizing
antibody and Th2-biased immune response, could not completely
prevent the death of mice. This is consistent with the two generally
recognized absolute protective indicators and meets the review
requirements for candidate vaccine evaluation, proving the appli-
cability of this lethal model to the preclinical protective evaluation
of HRSV vaccine candidates. The effect of the lower limit of protec-
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tive antibody titer and Th2 bias on lethality in mice needs to be
explored in further experiments. In general, the establishment of
the lethal model facilitates the rapid screening of a large number
of candidate vaccines, which will further promote the research
enthusiasm for HRSV vaccines and is worthy of further research.
At present, our laboratory has found that the HRSV/Long strain
has 7 amino acid mutations through full-length sequencing, and
the next step will be to study the key virulence sites.

In humans, TLR9 is only expressed in plasmacytoid dendritic
cells (PDCs) and B cells. However, in mice, in addition to the above
cell types, TLR9 is also expressed in macrophages and myeloid den-
dritic cells (MDCs) [36–37]. This may affect the translation of CpG
ODN from preclinical studies to clinical trials. However, CpG ODN
has been shown to enhance immune responses in combination
with vaccines in human clinical trials for the prevention of influen-
za, malaria, and hepatitis B [38–40]. At least three classes of CpG
ODN have been identified based on their backbone, sequence,
and immunostimulatory properties: class A (type D), class B (type
K), and class C. CpG-A ODN activates PDCs to produce interferon-a
(IFN-a) but cannot induce B-cell activation [41–42]. In contrast,
CpG-B ODN strongly induces interleukin-6 (IL-6) production by B
cells but promotes PDC maturation in the absence of IFN-a secre-
tion [41,43]. Finally, CpG-C ODN combines the characteristics of
class A and class B to activate PDCs and B cells [44]. The CpG
ODN used in this study was class C, but almost all CpG ODNs used
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in clinical trials are class B, and class A is occasionally used. Only
class C has not been clinically tested. Whether it can play the role
of activating PDCs and B cells in the human body requires further
study. At the same time, it is worth noting that studies have shown
that animals immunized with F protein purified from virus culture
and CpG ODN combined intranasally have enhanced lung pathol-
ogy after virus challenge [45], which may be related to the purity
of F protein and the sequence of CpG ODN, because the use of
eukaryotic system to express purified F protein and commercial
CpG ODN of different sequences combined intranasally immunized
mice did not find enhanced lung pathology after challenge [25], nor
was it found in this study.

Currently, HRSV vaccines are designed mainly for three groups
of people, including infants, pregnant women, and the elderly. Our
vaccine design is mainly based on these three populations. This
study has demonstrated the effect of prefusion F and CpG ODN
adjuvant with intranasal immunization of adult mice. In the future,
we will be to conduct research on young mice, pregnant mice and
old mice, to preliminarily explore the immune response of prefu-
sion F and CpG ODN adjuvant in mice with different immune
states, in order to provide animal evidence for the clinical applica-
tion of vaccines. At the same time, considering that most people
have pre-existing antibodies, we plan to challenge and then immu-
nize mice later to explore the impact of pre-existing antibodies on
vaccine immunity.

This study has some limitations. First, this study should add
non-lethal HRSV intranasal immunization and FI-HRSV intramus-
cular immunization in mice to compare the magnitude of antibody
responses and cytokine responses to Th1 or Th2 type responses.
Future studies will include these comparison groups. Second, the
present study explored IFN-c and IL-4 responses in splenocytes
in mice after challenge, reflecting a combination of vaccine induced
responses and infection induced early responses, and it is difficult
to determine the Th1 versus Th2 bias of vaccine induced immunity.
In the future, we will directly explore the Th1 and Th2 bias after
vaccine immunization. Third, the adjuvant and protein used in this
study are fixed doses, which may not be the best compatibility, we
will explore the best dose in future studies. In general, our study
shows that the combination of prefusion F and CpG ODN adjuvant
enhances the production of neutralizing antibodies, improves the
Th1-biased cellular immune response, and completely protects
mice from lethal dose viral challenge. It is worthy of further eval-
uation as an HRSV vaccine in clinical trials.
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