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Intranasal vaccination
with a recombinant protein

CTA1-DD-RBF protects mice
against hRSV infection

Hai Li*, Hu Ren?, Yan Zhang?, Lei Cao*™ & Wenbo Xu%?**

Human respiratory syncytial virus (hRSV) infection is a major pediatric health concern worldwide.
Despite more than half a century of efforts, there is still no commercially available vaccine. In this
study, we constructed and purified the recombinant protein CTA1-DD-RBF composed of a CTA1-DD
mucosal adjuvant and prefusion F protein (RBF) using Escherichia coli BL21 cells. We studied the
immunogenicity of CTA1-DD-RBF in mice. Intranasal immunization with CTA1-DD-RBF stimulated
hRSV F-specific IgG1, IgG2a, slgA, and neutralizing antibodies as well as T cell immunity without
inducing lung immunopathology upon hRSV challenge. Moreover, the protective immunity of
CTA1-DD-RBF was superior to that of the RBF protein, as confirmed by the assessment of serum-
neutralizing activity and viral clearance after challenge. Compared to formalin-inactivated hRSV
(FI-RSV), intranasal immunization with CTA1-DD-RBF induced a Thl immune response. In summary,
intranasal immunization with CTA1-DD-RBF is safe and effective in mice. Therefore, CTA1-DD-RBF
represents a potential mucosal vaccine candidate for the prevention of human infection with hRSV.

Human respiratory syncytial virus (hRSV) is an orthopneumovirus belonging to the Pneumoviridae family'.
Since its identification in children with pneumonia 60 years ago?, hRSV has been established as an important
cause of acute lower respiratory illness (ALRI) in infants and children worldwide?, and it also infects elderly and
immunocompromised individuals. Despite more than half a century of efforts, there is still no commercially avail-
able vaccine®. Prophylaxis with the humanized monoclonal antibody palivizumab is the only viable intervention
for hRSV, but it is limited to use in high-risk infants due to its modest efficacy and high cost’. In recent years,
progress on elucidating the structural biology of the hRSV fusion glycoprotein (F) has provided new directions
for the development of hRSV vaccines, and more hRSV candidate vaccines that utilize different technologies and
target different populations are rapidly being developed®. More than 60 kinds of hRSV candidate vaccines are
being assessed for infants and elderly individuals in particular, and most are in the preclinical stage”?.

The highly conserved F protein can induce antibodies against infections caused by hRSV of both subgroups
A and B’ and is therefore a key target in the development of subunit vaccines, particle-like vaccines and viral
vector-based vaccines'®'2. The F protein is initially expressed as an uncleaved FO precursor that is activated by
furin cleavage at two sites into the mature prefusion F protein (pre-F)!*!4. The F protein is a trimeric glycoprotein
that transitions between a pre-F conformation and a postfusion structure to facilitate hRSV entry into target
cells'>!6. Pre-F is metastable and spontaneously rearranges into a highly stable postfusion state!”. McLellan et al.
identified that the pre-F protein with epitope zero (Q) (aa 62-69, aa 196-209) located at the apex of the trimeric
pre-F elicits more neutralizing activity in mice than the post-F protein'®. The hRSV-neutralizing antibodies
AM22, D25 and 5C4 (specific to prefusion F protein) have been found to be substantially more potent than
palivizumab (which binds both the pre-F and post-F proteins)'®'°. After the discovery of methods to stabilize
the F protein in its pre-F conformation, numerous pre-F candidate vaccines have been developed®*-2?, and the
@ site is a desired characteristic of next-generation hRSV F antigens®.

hRSV infects via mucosal surfaces, and low levels of hRSV-specific nasal sIgA were found to be an increased
risk factor for hRSV infection®. Inducing immunity via the noninvasive mucosal route has been explored to
induce mucosal antibody responses and does not cause enhance respiratory disease (ERD)*. Therefore, some
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researchers have focused on mucosal immunity in preclinical studies and clinical trials**-?%. All live attenuated
vaccines that enter clinical trials are administered through the nose?*~*2, and viral vector vaccines administered
nasally, including PanAd3-RSV, MVA-RSV* and SeVRSV*, have also shown good safety and efficacy in adults.
The successful development of a mucosal vaccine depends on the use of safe and effective adjuvants.

The nontoxic mucosal adjuvant CTA1-DD comprises the CTA1 subunit of cholera toxin (CT) and two immu-
noglobulin (Ig) binding domains (DD) of staphylococcal protein A (SpA). CTALl is an adenosine diphosphate
(ADP)-ribosyltransferase®. SpA contains five highly homologous extracellular domains in tandem, designated
domains E, D, A, B, and C. The domain D consist of three a-helical structures®. CTA1-DD has been shown to
bind to all immunoglobulins through the DD domain, including Ig on the B cell surface”. To date, the CTA1-DD
mucosal adjuvant has been demonstrated to be effective against many pathogens, including Ebola virus, influenza
virus, and HIV*°. Combining the neutralizing peptides and CTA1-DD into one protein confers strong protec-
tive immunity against Helicobacter pylori and influenza virus in mice*"*%. A substantial amount of preclinical data
have confirmed the efficiency and safety of CTA1-DD, which is one of the most promising mucosal adjuvants
to date®’. Although previous research suggests that the F-ctxA2B fusion protein consists of residues 412-524 of
the hRSV F protein and that the ctxA2B subunit of CT can provide partial protection*, no research has been
performed on the CTA1-DD mucosal adjuvant used in hRSV vaccines until now.

In the present study, we constructed and purified the CTA1-DD-RBF protein using E. coli BL21 and tested
its immunogenicity and protective efficacy in mice. Compared with RBE, CTA1-DD-RBF induced higher levels
of neutralizing serum antibodies and inhibited virus replication in the lungs of immunized mice. Intranasal
vaccination induced a Th1-biased immune response, while formalin-inactivated RSV (FI-RSV) induced Th2-
biased immune responses. This study demonstrates that the uncleaved CTA1-DD-RBF protein expressed in E.
coli elicits protective immunity in mice without enhancing the disease.

Results
Production, purification and conformation of the CTA1-DD-RBF protein. CTA1-DD-RBF was
purified by HisTrap FF columns, and the tags were removed by overnight digestion with thrombin at 26 °C. The
protein (without a 6 x His-tag) was then further purified using a Superdex 200 column. To verify the efficacy of
thrombin cleavage, CTA1-DD-RBF was further purified using a HisTrap FF column after digestion by thrombin.
SDS-PAGE analysis indicated that the purified CTA1-DD-RBF (the protein that passed through the HisTrap FF
column) was >90% pure, and a 90 kDa band was identified (Fig. 1B). Nearly 60% of the CTA1-DD-RBF proteins
passed through the HisTrap FF column after digestion by thrombin, indicating that the efficacy of thrombin
cleavage was high. The thrombin site is native to the pET28a plasmid, and thrombin cleaves and removes 17
amino acids, including the 6 x His-tag. However, 17 amino acids remained on the CTA1-DD-RBF protein. After
chromatographic purification and ultrafiltration, the endotoxin concentration was 4.22 EU per mg CTA1-DD-
RBE

The binding kinetics of CTA1-DD-RBF, RBF and Post-RBF with 5C4 were identified by BLI on the Octet
RED9Y6e instrument. The KD (M) for CTA1-DD-RBF and the 5C4 antibody was 4.78E-11 (Supplementary
Fig. 1), which was lower than that for RBF and the 5C4 antibody (1.26E-09). The KD (M) for Post-RBF and 5C4
was 1.27E-07 (Supplementary Fig. 1). The OD450 measured in sandwich ELISA shown that CTA1-DD-RBF
and 5C4 antibody have better binding ability, compared with RBF or post-RBF (Supplementary Fig. 2). These
results suggested that CTA1-DD-RBF could bind the 5C4 antibody with a higher affinity than RBF and Post-RBF,
which indicated that the CTA1-DD-RBF protein exists in the prefusion conformation. Negative stain electron
microscopy of the CTA1-DD-RBF protein showed that the protein was highly homogenous (Fig. 1C).

CTA1-DD-RBF vaccination induced specific humoral immune responses and neutralizing anti-
bodies. We evaluated the hRSV-specific humoral immune response by indirect ELISA on day 14 (14 days
after the initial immunization) and day 35 (14 days after the immunization boost). Mice immunized with CTA1-
DD-RBF exhibited a stronger humoral immune response than mice immunized with the RBF protein alone
(Fig. 2A). We also found significant increases in antibody titers at day 35 compared with those at day 14.

The plaque reduction neutralization test showed that the neutralization activity of serum from FI-RSV- and
RBF-immunized mice was lower than that of serum from CTA1-DD-RBF-immunized mice (Fig. 2B).

CTA1-DD-RBF reduced hRSV replication and induced mucosal immune responses.  All mice
were challenged with 1 x 10° PFU of hRSV A Long 14 days after the booster immunization, and the hRSV titers
in the lungs were detected at 4 days after hRSV infection. PBS- and FI-RSV-vaccinated mice had substantial
amounts of hRSV in their lungs, with values reaching nearly 10° PFU/g. In contrast, CTA1-DD-RBF vaccination
reduced hRSV replication and dramatically decreased the viral titer in the lungs. As shown in Fig. 3A, compared
with FI-RSV immunization, intranasal immunization significantly reduced the viral load after hRSV infection
(p<0.05).

At 14 days after the second immunization, sIgA in the BALF was detected by ELISA. In the CTA1-DD-RBF
group, the BALF sIgA antibody levels were high and were significantly higher than those in the RBF group
(Fig. 3B) (p<0.005). Taken together, these results indicated that CTA1-DD-RBF promoted the production of
sIgA and that intranasal vaccination induced specific humoral, cellular and mucosal immune responses.

CTA1-DD-RBF stimulates a Thl immune response. To assess the type of immune response induced
by intranasal vaccination, we assessed the contents of Th1-type cytokines (IL-2, IL-12p70, IFN-y) and Th2-type
cytokines (IL-10, IL-4, IL-5) in BALF using ELISA kits (Dakewei, Beijing, China) according to the manufac-
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Figure 1. Design and analysis of the CTA1-DD-RBF protein. (A) Domain structure of the CTA1-DD-RBF
protein. Mutations (Val to Leu at residue 207 and Ser to Phe mutation at residue 190; disulfide between residues
290 and 155) and disulfide bonds 149 to 458 were incorporated into the F protein and are indicated by vertical
black lines. CTA1-DD-RBF contains the CTA1 subunit of cholera toxin (CT), two immunoglobulin (Ig)
binding domains (DD) of staphylococcal protein A and hRSV F protein (residues 26-105 and 146-513) with

a T4 fibritin trimerization motif (foldon) and a variable linker, GSGSG. (B) CTA1-DD-RBF proteins digested
by thrombin on SDS-PAGE: Marker: protein markers; Lane 1: CTA1-DD-RBF purified using a HisTrap FF
column after digested by thrombin; Lane 2, CTA1-DD-RBF purified by HisTrap FF columns before digested

by thrombin. (C) Negative stain electron microscopy of CTA1-DD-RBE. The CTA1-DD-RBF was highly
homogenous. Bar=50 nm.

turer’s instructions. Compared with the FI-RSV group, intranasal vaccination with CTA1-DD-RBF and RBF
elicited a Th1 cytokine response in BALF (Fig. 4).

To evaluate the type of cellular immune response (Th1 or Th2), we investigated the numbers of IL-4- and
IFN-y-secreting cells among spleen cells stimulated with RBE. The number of IL-4-secreting cells in the FI-RSV
group was higher than those in the CTA1-DD-RBF and RBF groups (p <0.005) (Fig. 5B). Furthermore, high
numbers of IFN-y-secreting cells were induced in the CTA1-DD-RBF group (Fig. 5A).

To further assess the immune response, we investigated the titers of IgG1 and IgG2a in serum collected
14 days after the immunization boost. Compared to the FI-RSV group, the CTA1-DD-RBF and RBF groups
exhibited a relatively balanced humoral immune response (Fig. 5C). In conclusion, intranasal vaccination induced
a Th1-biased immune response, in contrast to the FI-RSV vaccine.

CTA1-DD-RBF vaccination reduced lung pathology. As shown in Fig. 6, after hRSV challenge, mice
immunized with FI-RSV had severe alveolitis, interstitial pneumonitis and bronchiolitis (p <0.001). In contrast,
we observed only slight lung infiltration in CTA1-DD-RBF- and RBF-immunized mice. These results demon-
strate that intranasal vaccination reduces lung injury after hRSV infection and does not enhance disease in mice.

Discussion

Because hRSV infects via the respiratory tract, vaccines administered nasally may offer more protective benefits
than those delivered intramuscularly. It is important to select the right adjuvant to tailor the required immune
response. CTA1-DD has been shown to enhance immunogenicity when mixed or combined with relatively
poor vacinnes delivered mucosally*"*>*. While CTA1-DD was previously shown to be nontoxic and to not
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Figure 2. IgG and neutralizing antibodies induced by intranasal vaccination in mice. (A) Specific humoral
immunity on day 14 (14 days after the initial immunization) and day 35 (14 days after the immunization boost).
(B) The serum neutralizing titers against hRSV A Long were measured at day 35. The titers are presented as

the dilution factors resulting in a 50% reduction in plaque numbers. Statistically significant differences were
appropriately determined by one-way ANOVA, ***p <0.001. The lines represent the median and interquartile
range, and the bars represent the mean values with standard deviations.
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Figure 3. CTA1-DD-RBF reduced hRSV replication and induced neutralizing antibodies in mice. (A) The
lung viral load was measured on day 4 after hRSV A Long challenge. Each data point indicates a mouse. (B) IgA
in the bronchoalveolar lavage fluid was detected using ELISA with RBF (100 ng/well) as the coating antigen.
Statistically significant differences were measured by one-way ANOVA with the Newman-Keuls posttest,

***p <0.001. The bars represent the mean values with standard deviations.

cause inflammation at the application site, it has not been studied in human clinical trials. Proving the safety
of mucosal adjuvants is difficult. For example, a mucosal adjuvant derived from E. coli (LTK63) is considered
to be safe in macaques, Guinea pigs and mice*, but the intranasal administration of LTK63 has been shown to
induce transient facial nerve paralysis (Bell’s palsy) in humans*. Therefore, more thorough toxicological and
immunological analyses may be required before CTA1-DD can be studied in clinical trials.

Numerous vaccine candidates are currently under clinical investigation, including live attenuated vaccines,
viral vector vaccines, and subunit vaccines®*-*!. Nonreplicating vaccines (subunit or inactivated vaccines)
should be avoided in hRSV-naive young children®. Live attenuated vaccines and viral vector vaccines tend to
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Figure 4. Intranasal vaccination elicited a Th1 cytokine response in bronchoalveolar lavage fluid (BALF).

BALF was collected at 14 days after the second immunization. We assessed the contents of Th1-type cytokines
(IL-2, IL-12p70, IFN-y) and Th2-type cytokines (IL-10, IL-4, IL-5) in BALF using ELISA kits (Dakewei, Beijing,
China) according to the manufacturer’s instructions. Statistically significant differences were determined by one-
way ANOVA with the Newman-Keuls posttest. *p <0.05, **p <0.01, ***p <0.001. The bars represent the mean
values with standard deviations.
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Figure 5. Intranasal vaccination elicited Th1 cellular and humoral immune responses. (A, B) ELISPOT assays
were used to evaluate the type of cellular immune response (Th1 or Th2). The numbers of IL-4- and IFN-y-
secreting cells among spleen cells stimulated with F were determined. (C) The titers of IgG1 and IgG2a in serum
collected 14 days after the immunization boost were calculated to determine the type of humoral immune
response. Statistically significant differences were determined by one-way ANOVA with the Newman-Keuls
posttest. *p <0.05, **p <0.01, ***p <0.001. The bars represent the mean values with standard deviations.
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Figure 6. Histopathological analysis of hematoxylin and eosin (H&E)-stained lungs. The left lungs were dyed
with H&E for histological assessment. All images were obtained at 200 x magnification. (A) The left lungs were
dyed with H&E for histological assessment. (B) Scoring of alveolitis in immunized mice after hRSV challenge.
(C) Scoring of interstitial pneumonitis in immunized mice after hRSV challenge. (D) Scoring of bronchiolitis

in immunized mice after hRSV challenge. The degree of inflammation in the alveolar tissue was graded as
follows: 0, normal; 1, mild inflammation; 2, moderate inflammation; 3, marked inflammation; and 4, severe
inflammation. Statistically significant differences were determined by one-way ANOVA with the Newman-Keuls
posttest. *p <0.05, **p <0.01, ***p <0.001. The bars represent the mean values with standard deviations.

be administered intranasally to children®. Enhanced pulmonary histopathology was observed in cotton rats
immunized intramuscularly with purified F protein®. However, the results might depend on the immune dose**
and conformation of the protein®. Mice immunized intramuscularly with CTA1-DD-RBF had slightly severe
alveolitis, interstitial pneumonitis and bronchiolitis.

Multiple in vitro expression systems, including Escherichia coli, insect cells (Sf9) and mammalian cells, have
been investigated for production of the F protein or peptide as an immunogenic hRSV subunit vaccine!'"#+3¢,
This study is the first to report that the recombinant CTA1-DD-RBF protein can be successfully expressed in E.
coli. The E. coli protein expression system is one of the simplest and most cost-effective systems and is suitable
for the large-scale production of recombinant proteins®. BLI analyses herein showed that the KD (M) for CTA1-
DD-RBF and the 5C4 antibody (specific to pre-F) was lower than that for RBF and 5C4 (1.26E-09). These results
suggested that CTA1-DD-RBF could bind the 5C4 antibody with higher affinity than the Post-RBF protein.

Cellular immune strength, mucosal IgA and serum neutralizing antibody titers were negatively correlated
with disease severity*®. Intranasal vaccination of mice with CTA1-DD-RBF induced hRSV-specific humoral, cel-
lular and mucosal immune responses. The abilities of CTA1-DD-RBF to induce neutralizing serum antibodies
and inhibit virus replication in the lungs were superior to those of RBE. Due to the major role of T cell responses
in hRSV clearance®, we investigated the number of IFN-y-secreting cells among spleen cells stimulated with
F protein®, and intranasal immunization with CTA1-DD-RBF significantly increased the number of IFN-y-
secreting cells.

The ability of vaccines administered via the noninvasive mucosal route to induce mucosal antibody responses
in addition to systemic antibody responses has been explored®. hRSV infects people through mucosal sites,
and the mucosal antibody sIgA provides protection at sites of viral entry®2. A vaccine that elicits a long-lasting
hRSV-specific sIgA response is more protective than one that produces only systemic antibodies®. Therefore, we
evaluated mucosal sIgA in BALF after the nasal administration of the CTA1-DD-RBF protein. At 14 days after
the second immunization, the high antigen-specific sIgA in the CTA1-DD-RBF group was significantly higher
than that in the RBF group. These results indicated that intranasal immunization with the mucosal adjuvant
CTA1-DD could induce better mucosal sIgA antibodies than that with RBE.

An FI-RSV vaccine tested in the 1960s was shown to lead to ERD upon viral challenge®. FI-RSV immuniza-
tion induces a Th2-biased immune response that results in pulmonary eosinophilia following hRSV challenge
in multiple animal models®. Therefore, hRSV vaccines should be designed to reduce detrimental Th2-biased
immune responses and to induce a Th1-type immune response. The serum titers of IgG1 and IgG2a at 14 days
post boost immunization and the numbers of IFN-y- and IL-4-secreting cells among spleen cells stimulated with
RBF demonstrated that CTA1-DD-RBF administered mucosally induced a Th1-biased immune response. To
further assess the immune response, we investigated the contents of Th1-type cytokines (IL-2, IL-12p70, IFN-y)
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and Th2-type cytokines (IL-10, IL-4, IL-5) in BALE Compared with the FI-RSV group, CTA1-DD-RBF and RBF
administered intranasally elicited a Th1 cytokine response in BALE

Previous studies have shown that immunization with 5 pg® or 3.2 pg® of FI-RSV prevented virus replication
in the lungs at day 4 post challenge. However, in this study, the hRSV titers in the lungs of FI-RSV-immunized
mice were not reduced compared with those in the lungs of PBS group mice, and the protective effect of FI-RSV
may depend on the vaccine dose®. The FI-RSV vaccine is considered to be effective when the hRSV titer in the
cell culture supernatant is 2 x 10° PEU/ml® or 4.6 x 10° PFU/ml® prior to formalin inactivation. However, the
hRSV titer was only 6.5x 10* PFU/ml prior to formalin inactivation in this study.

These studies have several limitations. First, assessment of cytokines in the BALF is not a great measure of
local cellular immune responses in the lung. These limitations will be addressed by our future animal experi-
ments, by flow cytometry after antigen stimulation and intracellular cytokine staining. Second, some measure
of memory B and T cells, including local tissue-resident memory T cells in the lung would add significantly to
the study. Third, Using i.n. immunization, the relative distribution between the respiratory tract and the gastro-
intestinal tract is heavily influenced by delivery volume and level of anesthesia’. 100 pl of the vaccine is a very
high volume and is likely to result in pulmonary and maybe gastric delivery of the antigen in mice, especially
under isoflurane anaesthesia. We should reduce protein immune volume in future animal experiments. Fourth,
the viral load in the lungs is assessed at one time point post challenge. This would be more convincing if assessed
at several time points.

In conclusion, we established a highly efficient prokaryotic expression system for CTA1-DD-RBF protein
production that has great potential for expressing hRSV vaccines. Compared with RBE, CTA1-DD-RBF induced
higher levels of neutralizing serum antibodies in immunized mice. Compared to FI-RSV mice, mice immunized
with CTA1-DD-RBF had no signs of ERD upon hRSV challenge. This study provides insight into developing
CTA1-DD-RBEF as an effective and safe hRSV mucosal vaccine.

Materials and methods

Ethics statement. Female BALB/c mice (6-8 weeks) were purchased from SPF Biotechnology (Beijing).
All the protocols were performed in accordance with the guidelines of the Animal Experimental Ethics Com-
mittee of the National Institute for Viral Disease Control and Prevention (no. 20190610024). This study was
carried out in compliance with the ARRIVE guidelines. The animals were housed under pathogen-free and
temperature-controlled conditions at the Animal Center of the Chinese Center for Disease Control and Preven-
tion. The mice were observed every day. The animals were lightly anesthetized with isoflurane for immunizations
and blood draws and euthanized with carbon dioxide for terminal organ harvests. All methods were carried out
in accordance with relevant guidelines and regulations.

Construction of expression plasmids. The RBF protein contains a sequence encoding hRSV F residues
26-105 and 146-513 (replacing two furin cleavage sites and P27 with a variable linker, GSGSG) and a T4 fibritin
trimerization motif (foldon) at the C-terminus. To retain prefusion-specific neutralizing epitopes and increase
the antigenic stability to heat inactivation, DS-Cav1 mutations (S155C and S290C, S190F, V207L) and a disulfide
bond (A149C, Y458C) were incorporated into the sequence’'. We expressed the pre- and postfusion F proteins,
called RBF and Post-RBF, respectively, using Escherichia coli BL2172. The recombinant protein CTA1-DD-RBF
contains a CTA1-DD mucosal adjuvant and the RBF protein. CTA1-DD comprises the CTA1 subunit of cholera
toxin (CT) and two immunoglobulin (Ig) binding domains (DD) of staphylococcal protein A (DD, 111 aa).
The amino acid sequence of the foldon at the C-terminus is GYIPEAPRDGQAYVRKDGEWVLLSTFL. The
CTA1-DD-RBF gene was synthesized by Sangon Biological Co., Ltd. (Shanghai, China) and subcloned into the
expression vector pET28a between the EcoRI and NotI sites (pET28a-CTA1-DD-RBF) (Fig. 1). The recombinant
plasmids were transformed into E. coli DH5a and identified by restriction analysis and sequencing.

Recombinant protein purification and assessment. E. coli BL21 (DE3) cells were transformed
with the pET28a-CTA1-DD-RBF expression plasmid, and the proteins were induced with 0.1 mM IPTG and
expressed as inclusion bodies. The inclusion bodies were dissolved with 8 M urea buffer. After renaturation using
various concentrations of urea buffer (8 M-6 M-4 M-2 M-0 M), CTA1-DD-RBF was purified using HisTrap FF
columns. The 6 x His-tags of CTA1-DD-RBF were removed by overnight digestion with thrombin at 26 °C, and
the proteins were further purified using HisTrap FF column. Before immunization, CTA1-DD-RBF and RBF
were purified using Superdex 200 column (GE Healthcare) and concentrated by ultrafiltration using Millipore
15 ml/30KD. The endotoxin concentration was measured with ToxinSensorTM Chromogenic LAL Endotoxin
Assay Kit (Genscript).

The binding kinetics of CTA1-DD-RBE RBF and Post-RBF to the 5C4 antibody (specific to pre-F) were
detected using biolayer interferometry (BLI) with the Octet RED96e instrument. The specific method is pro-
vided in the methods section of the Supplementary Materials. The RBF and Post-RBF proteins were kept in our
laboratory and are described in the Supplementary Material.

Immunization and challenge. The mice were randomly distributed into experimental groups (8 mice/
group) and were vaccinated intranasally or intramuscularly twice with a 3-week interval (Table 1). Briefly, the
two groups of mice were vaccinated intranasally with 10 ug of CTA1-DD-RBF or RBF without adjuvant. One
group of mice was administered 100 ul of phosphate buffered saline (PBS) twice as a placebo control. To appraise
the safety of the mucosal vaccine, we immunized 8 mice with 100 pl of the FI-RSV vaccine via the intramuscular
route. FI-RSV was constructed as described by Kim et al.®4. In brief, 100 mL of clarified hRSV was incubated with
formalin (37-40%) at 4,000:1 (v/v) for 72 h at 37 °C and then centrifuged at 50,000xg for 1 h at 4 °C. The pellet
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Group Dose Adjuvant | Route | Immunization days | N
RBF 10 ug - in 0,21 8
CTA1-DD-RBF 10 ug - in 0,21 8
FI-RSV 1:100 in MEM | AI(OH)3 |im 0,21 8
PBS 50 uL - in 0,21 8

Table 1. Animal grouping and immunizations.

was diluted in 5 mL of MEM and subsequently mixed with alum adjuvant (4 mg/mL) at 10:1 (v/v). The alum-
adsorbed FI-RSV was collected by centrifugation at 1,000 rpm for 10 min, suspended in 1 mL of serum-free
MEM, and stored at 4 °C. The mice were infected intranasally with hRSV A Long (1 x 10° PFU) in 100 pl under
isoflurane on day 35. Serum samples were collected by centrifugation and kept at — 80 °C until use. For the col-
lection of bronchoalveolar lavage fluid (BALF) and splenocytes, four mice from each group were sacrificed and
blend thoroughly on day 35, while the other mice were sacrificed 4 days after the hRSV challenge.

Viral detection in the lungs and determination of antibody titers. The right lungs were removed
from the mice aseptically at 4 days after the hRSV challenge. The titers of hRSV in the lungs were determined
by the plaque test, and the serum neutralizing antibodies were detected by the plaque reduction neutralization
test described by Garg et al.”’. hRSV-specific antibodies (IgG, IgG2a and IgG1) were determined by ELISA using
RBF (100 ng/well) as the coating antigen. Endpoint titers were calculated as the highest serum dilution that gave
an optical density exceeding 2.1 times the background.

Detection of cytokines and slgA in bronchoalveolar lavage fluid. BALF was collected by gentle
injection of 1 ml of PBS into the lungs via the trachea with a syringe connected to the trachea 14 days after the
second immunization. The hRSV-specific sIgA antibody titer in BALF was determined by ELISA using RBF
protein (100 ng/well) as the coating antigen. BALF was added to 96-well plates (100 pl/well) for 1 h, and HRP-
conjugated goat anti-mouse sIgA was then diluted 5000 times and incubated with the sample for 1 h; the OD450
was measured using a microplate reader. The BALF levels of Thl-type cytokines (IL-2, IL-12p70, IFN-y) and
Th2-type cytokines (IL-10, IL-4, IL-5) were determined using ELISA kits (Dakewei, Beijing, China) according
to the manufacturer’ instructions.

ELISPOT assays. ELISPOT assays were used to evaluate the type of cellular immune response (Th1 or Th2).
Splenocytes were collected 14 days after the second immunization according to the manufacturer’s instructions
(Dakewe, Beijing, China). To evaluate the cellular immune responses, splenocytes were stimulated with the RBF
protein (5 pug/mL).

Lung histopathology. The left lungs were fixed in 10% neutral buffered formalin at 4 days after the hRSV
challenge and stained with hematoxylin and eosin (H&E) for histological evaluation under a Nikon Eclipse light
microscope by a board-certified pathologist. Slides stained with H&E were evaluated for the following three
parameters described by our previous study: bronchiolitis, alveolitis and interstitial pneumonitis’%. The slides
were evaluated in a blinded fashion using a 1-4 scoring system as follows: 0 (normal), 1 (mild inflammation), 2
(moderate inflammation), 3 (marked inflammation) and 4 (severe inflammation).

Statistical analysis.  All data were analyzed using GraphPad Prism version 5. Differences among all groups
were evaluated by one-way ANOVA, followed by a Newman-Keuls posttest. Differences were considered signifi-
cant if P <0.05.

Data availability
All data included in this study is available upon request by contact with the corresponding author.

Received: 1 April 2021; Accepted: 4 August 2021
Published online: 20 September 2021

References

1. Amarasinghe, G. K. et al. Taxonomy of the order Mononegavirales: Update 2018. Arch. Virol. 163, 2283-2294. https://doi.org/10.
1007/s00705-018-3814-x (2018).

2. Chanock, R. & Finberg, L. Recovery from infants with respiratory illness of a virus related to chimpanzee coryza agent (CCA). II.
Epidemiologic aspects of infection in infants and young children. Am. J. Hyg. 66, 291-300 (1957).

3. Karron, R. A. & Black, R. E. Determining the burden of respiratory syncytial virus disease: The known and the unknown. Lancet
390, 917-918. https://doi.org/10.1016/S0140-6736(17)31476-9 (2017).

4. Graham, B. S. Vaccine development for respiratory syncytial virus. Curr. Opin. Virol. 23, 107-112. https://doi.org/10.1016/j.coviro.
2017.03.012 (2017).

5. Schickli, J. H. et al. Palivizumab epitope-displaying virus-like particles protect rodents from RSV challenge. J. Clin. Invest. 125,
1637-1647. https://doi.org/10.1172/JC178450 (2015).

6. Noor, A. & Krilov, L. R. Respiratory syncytial virus vaccine: Where are we now and what comes next?. Expert Opin. Biol. Ther. 18,
1247-1256. https://doi.org/10.1080/14712598.2018.1544239 (2018).

Scientific Reports |

(2021) 11:18641 | https://doi.org/10.1038/s41598-021-97535-6 nature portfolio


https://doi.org/10.1007/s00705-018-3814-x
https://doi.org/10.1007/s00705-018-3814-x
https://doi.org/10.1016/S0140-6736(17)31476-9
https://doi.org/10.1016/j.coviro.2017.03.012
https://doi.org/10.1016/j.coviro.2017.03.012
https://doi.org/10.1172/JCI78450
https://doi.org/10.1080/14712598.2018.1544239

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

. Roberts, J. N. et al. Challenges and opportunities in RSV vaccine development: Meeting report from FDA/NIH workshop. Vaccine

34, 4843-4849. https://doi.org/10.1016/j.vaccine.2016.07.057 (2016).

. Esposito, S. & Pietro, G. D. Respiratory syncytial virus vaccines: An update on those in the immediate pipeline. Future Microbiol.

11, 1479-1490. https://doi.org/10.2217/fmb-2016-0106 (2016).

. Chen, X. et al. Genetic variations in the fusion protein of respiratory syncytial virus isolated from children hospitalized with

community-acquired pneumonia in China. Sci. Rep. 8, 4491. https://doi.org/10.1038/541598-018-22826-4 (2018).

Lambert, S. L. et al. A novel respiratory syncytial virus (RSV) F subunit vaccine adjuvanted with GLA-SE elicits robust protective
THI1-type humoral and cellular immunity in rodent models. PLoS ONE 10, e0119509. https://doi.org/10.1371/journal.pone.01195
09 (2015).

Krarup, A. et al. A highly stable prefusion RSV F vaccine derived from structural analysis of the fusion mechanism. Nat. Commun.
6, 8143. https://doi.org/10.1038/ncomms9143 (2015).

Zhang, Y. et al. Baculovirus vectors expressing F proteins in combination with virus-induced signaling adaptor (VISA) molecules
confer protection against respiratory syncytial virus infection. Vaccine 34, 252-260. https://doi.org/10.1016/j.vaccine.2015.11.027
(2016).

Gilman, M. S. et al. Characterization of a prefusion-specific antibody that recognizes a quaternary, cleavage-dependent epitope
on the RSV fusion glycoprotein. PLoS Pathog. 11, e1005035. https://doi.org/10.1371/journal.ppat.1005035 (2015).

Bermingham, I. M., Chappell, K. J., Watterson, D. & Young, P. R. The heptad repeat C domain of the respiratory syncytial virus
fusion protein plays a key role in membrane fusion. J. Virol. 92, 4. https://doi.org/10.1128/JV1.01323-17 (2017).

McLellan, J. S. et al. Structure-based design of a fusion glycoprotein vaccine for respiratory syncytial virus. Science 342, 592-598.
https://doi.org/10.1126/science.1243283 (2013).

McLellan, J. S., Ray, W. C. & Peeples, M. E. Structure and function of respiratory syncytial virus surface glycoproteins. Curr. Top.
Microbiol. Immunol. 372, 83-104. https://doi.org/10.1007/978-3-642-38919-1_4 (2013).

Liljeroos, L., Krzyzaniak, M. A., Helenius, A. & Butcher, S. J. Architecture of respiratory syncytial virus revealed by electron cry-
otomography. Proc. Natl. Acad. Sci. USA 110, 11133-11138. https://doi.org/10.1073/pnas.1309070110 (2013).

Crunkhorn, S. Viral diseases: Zeroing in on RSV vaccine design. Nat. Rev. Drug Discov. 13, 17. https://doi.org/10.1038/nrd4207
(2014).

McLellan, J. S. et al. Structure of RSV fusion glycoprotein trimer bound to a prefusion-specific neutralizing antibody. Science 340,
1113-1117. https://doi.org/10.1126/science.1234914 (2013).

McGinnesCullen, L., Schmidt, M. R., Kenward, S. A., Woodland, R. T. & Morrison, T. G. Murine immune responses to virus-like
particle-associated pre- and postfusion forms of the respiratory syncytial virus F protein. J. Virol. 89, 6835-6847. https://doi.org/
10.1128/JVI1.00384-15 (2015).

Cimica, V. et al. Novel respiratory syncytial virus-like particle vaccine composed of the postfusion and prefusion conformations
of the F glycoprotein. Clin. Vaccine Immunol. 23, 451-459. https://doi.org/10.1128/CV1.00720-15 (2016).

Swanson, K. A. et al. A monomeric uncleaved respiratory syncytial virus F antigen retains prefusion-specific neutralizing epitopes.
J. Virol. 88, 11802-11810. https://doi.org/10.1128/JV1.01225-14 (2014).

McLellan, J. S. Neutralizing epitopes on the respiratory syncytial virus fusion glycoprotein. Curr. Opin. Virol. 11, 70-75. https://
doi.org/10.1016/j.coviro.2015.03.002 (2015).

Walsh, E. E. & Falsey, A. R. Humoral and mucosal immunity in protection from natural respiratory syncytial virus infection in
adults. J. Infect. Dis. 190, 373-378 (2004).

Shafique, M., Wilschut, J. & de Haan, A. Induction of mucosal and systemic immunity against respiratory syncytial virus by
inactivated virus supplemented with TLR9 and NOD?2 ligands. Vaccine 30, 597-606. https://doi.org/10.1016/j.vaccine.2011.11.
054 (2012).

Pierantoni, A. et al. Mucosal delivery of a vectored RSV vaccine is safe and elicits protective immunity in rodents and nonhuman
primates. Mol. Ther. 2, 15018. https://doi.org/10.1038/mtm.2015.18 (2015).

Rigter, A. et al. A protective and safe intranasal RSV vaccine based on a recombinant prefusion-like form of the F protein bound
to bacterium-like particles. PLoS ONE 8, ¢71072. https://doi.org/10.1371/journal.pone.0071072 (2013).

Ascough, S. et al. Local and systemic immunity against respiratory syncytial virus induced by a novel intranasal vaccine: A rand-
omized, double-blind, placebo-controlled clinical trial. Am. J. Respir. Crit. Care Med. 200, 481-492 (2019).

Buchholz, U. J. et al. Live respiratory syncytial virus (RSV) vaccine candidate containing stabilized temperature-sensitivity muta-
tions is highly attenuated in RSV-seronegative infants and children. J. Infect. Dis. 217, 1338-1346. https://doi.org/10.1093/infdis/
jiy066 (2018).

Ruth, K. et al. Safety and immunogenicity of the respiratory syncytial virus vaccine RSV/ANS2/A1313/11314L in RSV-seronegative
children. J. Infect. Dis. https://doi.org/10.1093/infdis/jiz408 (2019).

McFarland, E. J. et al. Live-attenuated respiratory syncytial virus vaccine candidate with deletion of RNA synthesis regulatory
protein M2-2 is highly immunogenic in children. J. Infect. Dis. 217, 1347-1355. https://doi.org/10.1093/infdis/jiy040 (2018).
Stobart, C. C. et al. A live RSV vaccine with engineered thermostability is immunogenic in cotton rats despite high attenuation.
Nat. Commun. https://doi.org/10.1038/ncomms13916 (2016).

Green, C. A. et al. Safety and immunogenicity of novel respiratory syncytial virus (RSV) vaccines based on the RSV viral proteins
F, N and M2-1 encoded by simian adenovirus (PanAd3-RSV) and MVA (MVA-RSV); protocol for an open-label, dose-escalation,
single-centre, phase 1 clinical trial in healthy adults. BMJ Open 5, €008748. https://doi.org/10.1136/bmjopen-2015-008748 (2015).
Scaggs Huang, F. et al. Safety and immunogenicity of an intranasal sendai virus-based vaccine for human parainfluenza virus type
I'and respiratory syncytial virus (SeVRSV) in adults. Hum. Vaccin. Immunother. https://doi.org/10.1080/21645515.2020.1779517
(2020).

O’Neal, C.J., Jobling, M. G., Holmes, R. K. & Hol, W. G. Structural basis for the activation of cholera toxin by human ARF6-GTP.
Science 309, 1093-1096. https://doi.org/10.1126/science.1113398 (2005).

Graille, M. et al. Crystal structure of a Staphylococcus aureus protein A domain complexed with the Fab fragment of a human
IgM antibody: Structural basis for recognition of B-cell receptors and superantigen activity. Proc. Natl. Acad. Sci. USA 97(5399),
5404. https://doi.org/10.1073/pnas.97.10.5399 (2000).

Agren, L., Ekman, L. & Lycke, B. L. O. N. A genetically engineered non-toxic vaccine adjuvant that combines B cell targeting with
immunomodulation by cholera toxin A1 subunit. J. Immunol. 158, 3936-3946 (1997).

Fan, X. et al. Intranasal inoculate of influenza virus vaccine against lethal virus challenge. Vaccine 36, 4354-4361. https://doi.org/
10.1016/j.vaccine.2018.05.075 (2018).

Su, Q. D. et al. Intranasal vaccination with ebola virus GP amino acids 258-601 protects mice against lethal challenge. Vaccine 36,
6053-6060. https://doi.org/10.1016/j.vaccine.2018.09.003 (2018).

Sundling, C. et al. CTA1-DD adjuvant promotes strong immunity against human immunodeficiency virus type 1 envelope glyco-
proteins following mucosal immunization. J. Gen. Virol. 89, 2954-2964. https://doi.org/10.1099/vir.0.2008/005470-0 (2008).
Ho, P. L. et al. Subcomponent vaccine based on CTA1-DD adjuvant with incorporated UreB class II peptides stimulates protective
Helicobacter pylori immunity. PLoS ONE 8, e83321. https://doi.org/10.1371/journal.pone.0083321 (2013).

Eliasson, D. G. et al. CTA1-M2e-DD: A novel mucosal adjuvant targeted influenza vaccine. Vaccine 26, 1243-1252. https://doi.
org/10.1016/j.vaccine.2007.12.027 (2008).

Scientific Reports |

(2021) 11:18641 | https://doi.org/10.1038/s41598-021-97535-6 nature portfolio


https://doi.org/10.1016/j.vaccine.2016.07.057
https://doi.org/10.2217/fmb-2016-0106
https://doi.org/10.1038/s41598-018-22826-4
https://doi.org/10.1371/journal.pone.0119509
https://doi.org/10.1371/journal.pone.0119509
https://doi.org/10.1038/ncomms9143
https://doi.org/10.1016/j.vaccine.2015.11.027
https://doi.org/10.1371/journal.ppat.1005035
https://doi.org/10.1128/JVI.01323-17
https://doi.org/10.1126/science.1243283
https://doi.org/10.1007/978-3-642-38919-1_4
https://doi.org/10.1073/pnas.1309070110
https://doi.org/10.1038/nrd4207
https://doi.org/10.1126/science.1234914
https://doi.org/10.1128/JVI.00384-15
https://doi.org/10.1128/JVI.00384-15
https://doi.org/10.1128/CVI.00720-15
https://doi.org/10.1128/JVI.01225-14
https://doi.org/10.1016/j.coviro.2015.03.002
https://doi.org/10.1016/j.coviro.2015.03.002
https://doi.org/10.1016/j.vaccine.2011.11.054
https://doi.org/10.1016/j.vaccine.2011.11.054
https://doi.org/10.1038/mtm.2015.18
https://doi.org/10.1371/journal.pone.0071072
https://doi.org/10.1093/infdis/jiy066
https://doi.org/10.1093/infdis/jiy066
https://doi.org/10.1093/infdis/jiz408
https://doi.org/10.1093/infdis/jiy040
https://doi.org/10.1038/ncomms13916
https://doi.org/10.1136/bmjopen-2015-008748
https://doi.org/10.1080/21645515.2020.1779517
https://doi.org/10.1126/science.1113398
https://doi.org/10.1073/pnas.97.10.5399
https://doi.org/10.1016/j.vaccine.2018.05.075
https://doi.org/10.1016/j.vaccine.2018.05.075
https://doi.org/10.1016/j.vaccine.2018.09.003
https://doi.org/10.1099/vir.0.2008/005470-0
https://doi.org/10.1371/journal.pone.0083321
https://doi.org/10.1016/j.vaccine.2007.12.027
https://doi.org/10.1016/j.vaccine.2007.12.027

www.nature.com/scientificreports/

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Fang, Y., Larsson, L., Mattsson, J., Lycke, N. & Xiang, Z. Mast cells contribute to the mucosal adjuvant effect of CTA1-DD after
IgG-complex formation. J. Immunol. 185, 2935-2941. https://doi.org/10.4049/jimmunol.1000589 (2010).

Singh, S. R. et al. Inmunogenicity and efficacy of recombinant RSV-F vaccine in a mouse model. Vaccine 25, 6211-6223. https://
doi.org/10.1016/j.vaccine.2007.05.068 (2007).

Eliasson, D. G. et al. A novel non-toxic combined CTA1-DD and ISCOMS adjuvant vector for effective mucosal immunization
against influenza virus. Vaccine 29, 3951-3961. https://doi.org/10.1016/j.vaccine.2011.03.090 (2011).

Eriksson, A. M., Schon, K. M. & Lycke, N. Y. The cholera toxin-derived CTA1-DD vaccine adjuvant administered intranasally
does not cause inflammation or accumulate in the nervous tissues. J. Immunol. 173, 3310-3319. https://doi.org/10.4049/jimmu
nol.173.5.3310 (2004).

Lewis, D. J. et al. Transient facial nerve paralysis (Bell’s palsy) following intranasal delivery of a genetically detoxified mutant of
Escherichia coli heat labile toxin. PLoS ONE 4, €6999. https://doi.org/10.1371/journal.pone.0006999 (2009).

Zeng, L. Mucosal adjuvants: Opportunities and challenges. Hum. Vaccin. Immunother. 12, 2456-2458. https://doi.org/10.1080/
21645515.2016.1181236 (2016).

Rezaee, F, Linfield, D. T., Harford, T. J. & Piedimonte, G. Ongoing developments in RSV prophylaxis: A clinician’s analysis. Curr.
Opin. Virol. 24, 70-78. https://doi.org/10.1016/j.coviro.2017.03.015 (2017).

Langley, J. M. et al. A randomized, controlled, observer-blind Phase I study of the safety and immunogenicity of a Respiratory
Syncytial Virus vaccine with or without alum adjuvant. J. Infect. Dis. 1, 453 (2016).

Jones, B. G. et al. Sendai virus-based RSV vaccine protects African green monkeys from RSV infection. Vaccine 30, 959-968.
https://doi.org/10.1016/j.vaccine.2011.11.046 (2012).

Graham, B. S. Biological challenges and technological opportunities for respiratory syncytial virus vaccine development. Irmunol.
Rev. 239, 149-166. https://doi.org/10.1111/j.1600-065X.2010.00972.x (2011).

Murphy, B., Sotnikov, A., Lawrence, L., Banks, S. & Prince, G. Enhanced pulmonary histopathology is observed in cotton rats
immunized with formalin-inactivated respiratory syncytial virus (RSV) or purified F glycoprotein and challenged with RSV 3-6
months after immunization. Vaccine 8, 497-502. https://doi.org/10.1016/0264-410x(90)90253-i (1990).

Schneider-Ohrum, K. et al. Inmunization with low doses of recombinant postfusion or prefusion respiratory syncytial virus F
primes for vaccine-enhanced disease in the cotton rat model independently of the presence of a Th1-biasing (GLA-SE) or Th2-
biasing (alum) adjuvant. J. Virol. https://doi.org/10.1128/JV1.02180-16 (2017).

Palomo, C. et al. Influence of respiratory syncytial virus Fglycoprotein conformation on induction of protective immune responses.
J. Virol. 90, 5485-5498. https://doi.org/10.1128/JV1.00338-16 (2016).

Glenn, G. M. et al. Safety and immunogenicity of a Sf9 insect cell-derived respiratory syncytial virus fusion protein nanoparticle
vaccine. Vaccine 31, 524-532. https://doi.org/10.1016/j.vaccine.2012.11.009 (2013).

Jing, X. L. et al. High-level expression of the antimicrobial peptide plectasin in Escherichia coli. Curr. Microbiol. 61, 197-202.
https://doi.org/10.1007/500284-010-9596-3 (2010).

Mazur, N. I et al. The respiratory syncytial virus vaccine landscape: Lessons from the graveyard and promising candidates. Lancet.
Infect. Dis 18, e295-e311. https://doi.org/10.1016/s1473-3099(18)30292-5 (2018).

Jozwik, A. et al. RSV-specific airway resident memory CD8+ T cells and differential disease severity after experimental human
infection. Nat. Commun. 6, 10224. https://doi.org/10.1038/ncomms10224 (2015).

Jiao, Y. Y. et al. A single intranasal administration of virus-like particle vaccine induces an efficient protection for mice against
human respiratory syncytial virus. Antiviral Res. 144, 57-69. https://doi.org/10.1016/j.antiviral.2017.05.005 (2017).

Cai, M. et al. Virus-like particle vaccine by intranasal vaccination elicits protective immunity against respiratory syncytial viral
infection in mice. Acta Biochim. Biophys. Sin. 49, 74-82. https://doi.org/10.1093/abbs/gmw118 (2017).

Khan, I. U, Huang, J., Li, X, Xie, J. & Zhu, N. Nasal immunization with RSV F and G protein fragments conjugated to an M cell-
targeting ligand induces an enhanced immune response and protection against RSV infection. Antiviral Res. 159, 95-103. https://
doi.org/10.1016/j.antiviral.2018.10.001 (2018).

Habibi, M. S. et al. Impaired antibody-mediated protection and defective IgA B-cell memory in experimental infection of adults
with respiratory syncytial virus. Am. J. Respir. Crit. Care Med. 191, 1040-1049. https://doi.org/10.1164/rccm.201412-22560C
(2015).

Kim, H. W. et al. Respiratory syncytial virus disease in infants despite prior administration of antigenic inactivated vaccine. Am.
J. Epidemiol. 89, 422-434 (1969).

Knudson, C. J., Hartwig, S. M., Meyerholz, D. K. & Varga, S. M. RSV vaccine-enhanced disease is orchestrated by the combined
actions of distinct CD4 T cell subsets. PLoS Pathog. 11, €1004757. https://doi.org/10.1371/journal.ppat.1004757 (2015).
Kamphuis, T. et al. Inmunogenicity and protective capacity of a virosomal respiratory syncytial virus vaccine adjuvanted with
monophosphoryl lipid A in mice. PLoS ONE 7, e36812. https://doi.org/10.1371/journal.pone.0036812 (2012).

Boelen, A. et al. Both immunisation with a formalin-inactivated respiratory syncytial virus (RSV) vaccine and a mock antigen
vaccine induce severe lung pathology and a Th2 cytokine profile in RSV-challenged mice. Vaccine 19, 982-991. https://doi.org/
10.1016/50264-410x(00)00213-9 (2000).

Waris, M., Tsou, C., Erdman, D., Zaki, S. & Anderson, L. Respiratory synctial virus infection in BALB/c mice previously immunized
with formalin-inactivated virus induces enhanced pulmonary inflammatory response with a predominant Th2-like cytokine pat-
tern. J. Virol. 70, 2852-2860. https://doi.org/10.1128/jvi.70.5.2852-2860.1996 (1996).

Johnson, T. R., Teng, M. N., Collins, P. L. & Graham, B. S. Respiratory syncytial virus (RSV) G glycoprotein is not necessary for
vaccine-enhanced disease induced by immunization with formalin-inactivated RSV. J. Virol. 78, 6024-6032. https://doi.org/10.
1128/JV1.78.11.6024-6032.2004 (2004).

Southam, D., Dolovich, M., O’'Byrne, P. & Inman, M. Distribution of intranasal instillations in mice: Effects of volume, time, body
position, and anesthesia. Am. J. Physiol. 282, 1L833-839. https://doi.org/10.1152/ajplung.00173.2001 (2002).

Joyce, M. G. et al. Tterative structure-based improvement of a fusion-glycoprotein vaccine against RSV. Nat. Struct. Mol. Biol. 23,
811-820. https://doi.org/10.1038/nsmb.3267 (2016).

Li, H. et al. Human respiratory syncytial virus F protein expressed in Pichia pastoris or Escherichia coli induces protective immunity
without inducing enhanced respiratory disease in mice. Arch. Virol. 165, 1057-1067. https://doi.org/10.1007/s00705-020-04578-7
(2020).

Garg, R. et al. Maternal immunization with respiratory syncytial virus fusion protein formulated with a novel combination adjuvant
provides protection from RSV in newborn lambs. Vaccine 34, 261-269. https://doi.org/10.1016/j.vaccine.2015.11.029 (2016).

Acknowledgements
We thank Professor Ningshao Xia and Shengli Bi for generously supplying the 5C4 antibody and CTA1-DD.

Author contributions

H.L.: Conceptualization, methodology, formal analysis, investigation, data curation, writing-original draft, writ-
ing-review & editing. L.C., H.R., Y.Z.: Project administration, resources. W.-B.X.: Conceptualization, formal
analysis, validation, resources, writing-review & editing, project administration, funding acquisition.

Scientific Reports|  (2021) 11:18641 | https://doi.org/10.1038/s41598-021-97535-6 nature portfolio


https://doi.org/10.4049/jimmunol.1000589
https://doi.org/10.1016/j.vaccine.2007.05.068
https://doi.org/10.1016/j.vaccine.2007.05.068
https://doi.org/10.1016/j.vaccine.2011.03.090
https://doi.org/10.4049/jimmunol.173.5.3310
https://doi.org/10.4049/jimmunol.173.5.3310
https://doi.org/10.1371/journal.pone.0006999
https://doi.org/10.1080/21645515.2016.1181236
https://doi.org/10.1080/21645515.2016.1181236
https://doi.org/10.1016/j.coviro.2017.03.015
https://doi.org/10.1016/j.vaccine.2011.11.046
https://doi.org/10.1111/j.1600-065X.2010.00972.x
https://doi.org/10.1016/0264-410x(90)90253-i
https://doi.org/10.1128/JVI.02180-16
https://doi.org/10.1128/JVI.00338-16
https://doi.org/10.1016/j.vaccine.2012.11.009
https://doi.org/10.1007/s00284-010-9596-3
https://doi.org/10.1016/s1473-3099(18)30292-5
https://doi.org/10.1038/ncomms10224
https://doi.org/10.1016/j.antiviral.2017.05.005
https://doi.org/10.1093/abbs/gmw118
https://doi.org/10.1016/j.antiviral.2018.10.001
https://doi.org/10.1016/j.antiviral.2018.10.001
https://doi.org/10.1164/rccm.201412-2256OC
https://doi.org/10.1371/journal.ppat.1004757
https://doi.org/10.1371/journal.pone.0036812
https://doi.org/10.1016/s0264-410x(00)00213-9
https://doi.org/10.1016/s0264-410x(00)00213-9
https://doi.org/10.1128/jvi.70.5.2852-2860.1996
https://doi.org/10.1128/JVI.78.11.6024-6032.2004
https://doi.org/10.1128/JVI.78.11.6024-6032.2004
https://doi.org/10.1152/ajplung.00173.2001
https://doi.org/10.1038/nsmb.3267
https://doi.org/10.1007/s00705-020-04578-7
https://doi.org/10.1016/j.vaccine.2015.11.029

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-97535-6.

Correspondence and requests for materials should be addressed to L.C. or W.X.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:18641 | https://doi.org/10.1038/s41598-021-97535-6 nature portfolio


https://doi.org/10.1038/s41598-021-97535-6
https://doi.org/10.1038/s41598-021-97535-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Intranasal vaccination with a recombinant protein CTA1-DD-RBF protects mice against hRSV infection
	Results
	Production, purification and conformation of the CTA1-DD-RBF protein. 
	CTA1-DD-RBF vaccination induced specific humoral immune responses and neutralizing antibodies. 
	CTA1-DD-RBF reduced hRSV replication and induced mucosal immune responses. 
	CTA1-DD-RBF stimulates a Th1 immune response. 
	CTA1-DD-RBF vaccination reduced lung pathology. 

	Discussion
	Materials and methods
	Ethics statement. 
	Construction of expression plasmids. 
	Recombinant protein purification and assessment. 
	Immunization and challenge. 
	Viral detection in the lungs and determination of antibody titers. 
	Detection of cytokines and sIgA in bronchoalveolar lavage fluid. 
	ELISPOT assays. 
	Lung histopathology. 
	Statistical analysis. 

	References
	Acknowledgements


