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Purpose: This study was designed to evaluate the immune protective efficacy of the novel Streptococcus pneumoniae 
(S. pneumoniae) protein vaccine PiuA-PlyD4 through immunoinformatics prediction and in vitro and in vivo experiments.
Methods: In this study, we conducted immunoinformatics prediction and protection analysis on the fusion protein PiuA-PlyD4. The 
epitope composition of the vaccine was analyzed based on the prediction of B-cell and helper T-cell epitopes. Meanwhile, the 
molecular docking of PiuA and TLR2/4 was simulated. After immunizing C57BL/6 mice with the prepared vaccine, the biological 
safety, immunogenicity and conservation were evaluated. By constructing different infection models and from the aspects of adhesion 
inhibition and cytokines, the protective effect of the fusion protein vaccine PiuA-PlyD4 on S. pneumoniae infection was explored.
Results: PiuA-PlyD4 has abundant B-cell and helper T-cell epitopes and shows a high antigenicity score and structural stability. 
Molecular docking analysis suggested the potential interaction between PiuA and TLR2/4. The specific antibody titer of fusion protein 
antiserum was as high as (7.81±2.32) ×105. The protective effect of the immunized mice on nasal and lung colonization was 
significantly better than that of the control group, and the survival rate against S. pneumoniae infection of serotype 3 reached 50%. 
Cytokine detection showed that the humoral immune response, Th1, Th2 and Th17 cellular immune pathways were all involved in the 
process.
Conclusion: The study indicates that PiuA-PlyD4, whether the results are predicted by immunoinformatics or experimentally 
validated in vivo and in vitro, has good immunogenicity and immunoreactivity and can provide effective protection against 
S. pneumoniae infection. Therefore, it can be considered a promising prophylactic vaccine candidate for S. pneumoniae.
Keywords: Streptococcus pneumoniae, fusion protein vaccine, PiuA-PlyD4, immunoinformatics prediction, protective efficacy

Introduction
Streptococcus pneumoniae (S. pneumoniae) is a pathogen that can infect people of all ages, and the highest incidence is 
in children under 2 years old, elderly individuals, and immunocompromised individuals. It has a high mortality rate and 
is responsible for causing severe pneumococcal disease (PD) worldwide. According to the World Health Organization 
(WHO), approximately 14.5 million people suffer from severe PD each year, leading to 1.6 million deaths and making it 
a serious public health issue.1,2 Recently, the WHO listed S. pneumoniae as one of the 12 pathogens that require attention 
and research for developing new antibacterial strategies.3
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In recent years, commercially available S. pneumoniae vaccines have been based on the development of pneumococcal 
polysaccharide vaccines (PPVs) and pneumococcal polysaccharide conjugate vaccines (PCVs) targeting capsule serotypes,4 

including PPV23, PCV10, PCV13, PCV15, PCV20, and PCV24. The use of these vaccines has effectively reduced the 
morbidity and mortality of S. pneumoniae infections, but there is still a drawback of inducing only serotype-specific immune 
responses.5 PPV23 has protective effects against invasive pneumococcal disease (IPD) and community-acquired pneumonia 
(CAP) but cannot prevent their occurrence and has no protective effect against colonizing bacteria carried by the population. 
More significantly, currently available PPVs are poorly immunogenic and have difficulty inducing immune memory in 
children under 2 years of age due to their T-independent (TI) nature.6,7 PCV13 has a protective effect against IPD and CAP 
caused by vaccine types (VTs) and significantly reduces S. pneumoniae infections in children. However, it still has problems 
such as an increase in nonvaccine type (NVT) strains that cause infections and colonize vaccinated individuals.8 Furthermore, 
increasing serotypes blindly is not feasible from both the complexity and cost aspects in the production of PCVs.9 Therefore, 
developing new and universal vaccines is an urgent issue that needs to be addressed.

Existing reports have shown that PiuA is present in all known S. pneumoniae strains, is highly conserved, and has 
a high affinity for iron ions, which is essential for the growth and development of bacteria.10 Furthermore, membrane- 
exposed PiuA, an essential virulence factor in a mouse infection model, is protective against IPD, making it a candidate 
vaccine factor and drug target.11,12 Pneumolysin (Ply) is a cholesterol-dependent pore-forming toxin, and its C-terminal 
D4 domain (AA-360-471) is a functional domain that recognizes mammalian cells, binds to mannose dose-dependently, 
and activates Toll-like receptor (TLR), with potential adjuvant effects.13 Previous research results have also shown that 
PlyD4 is an excellent fusion protein component and is expected to become a “good partner” for protein vaccines.14,15

In this study, we selected the full-length PiuA sequence without the signal peptide and transmembrane structure 
domain and connected it with PlyD4 through a flexible linker to form the fusion protein PiuA-PlyD4 that consists of two 
antigenic structures, aiming to obtain a fusion protein vaccine with better protective efficacy.14,16 Our study provides an 
important basis for the development of universal protein vaccines against S. pneumoniae infection.

In addition, the continuous progress of immunoinformatics methods and the wide range of vaccine design tools 
allowed us to predict the feasibility of the fusion protein PiuA-PlyD4 as a candidate vaccine quickly through immu
noinformatics predictions. Therefore, in this study, we analyzed the physicochemical characteristics and structural quality 
of PiuA-PlyD4 through online modeling and obtained the purified PiuA-PlyD4 fusion protein through a prokaryotic 
expression system. Then, we immunized C57BL/6 mice to evaluate biosafety immunogenicity and conservation. The 
protective efficacy of active immunization was studied, and we validated adhesion inhibition and cytokines. Our 
prediction results and experimental studies provide a basis for the development of S. pneumoniae protein vaccines.

Material and Methods
Immunoinformatics Analysis
Protein Sequence Retrieval and Fusion Protein Design
The nucleotide sequence of PiuA in S. pneumoniae standard strain D39 (NC_008533.2) was obtained from the NCBI 
(https://www.ncbi.nlm.nih.gov/gene/), which can be translated into protein sequences by Editseq software of the 
DNAStar package. The presence of transmembrane helical segments in PiuA was tested by TMHMM Server v. 2.0 
(https://services.healthtech.dtu.dk/services/TMHMM-2.0/). The SignalP 5.0 server (https://services.healthtech.dtu.dk/ser 
vices/SignalP-5.0/) was employed to detect the signal peptide region. In addition, the protein sequence of PlyD4 (AA360- 
471) was fetched from our previous study.14

Evaluation of Physicochemical Parameters and Immunological Characteristics
The ExPASy ProtParam online tool (https://web.expasy.org/protparam/) was applied to determine the molecular weight 
(MW), theoretical isoelectric point (pI), half-life, instability index, aliphatic index, grand average of hydropathicity 
(GRAVY), and other physiochemical properties of PiuA-PlyD4.17 The VaxiJen v2.0 server (http://www.ddgpharmfac.net/ 
vaxijen/VaxiJen/VaxiJen.html) was used to evaluate the antigenicity potential of PiuA-PlyD4 with a threshold value of 
0.4.18 Additionally, the allergenicity of the designed construct was checked by the AllerTOP (http://www.ddg-pharmfac. 
net/AllerTOP/) server.19
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Tertiary Structure Validation
The 3D structure of PiuA-PlyD4 was modeled using AlphaFold2 (https://cryonet.ai/af2/). Furthermore, the overall 
structural quality of the generated model of PiuA-PlyD4 was compared through the Z score, ERRAT score (https:// 
saves.mbi.ucla.edu/) and Ramachandran plot analysis. The ProSA server (https://prosa.services.came.sbg.ac.at/prosa.php) 
validated the reliability of PiuA-PlyD4 based on the predicted Z score. The Ramachandran plot is one of the best quality 
indicators for experimental structure models,20 which can report the geometry and stereochemistry of the construct using 
the MolProbity Ramachandran map (http://molprobity.biochem.duke.edu/).

Epitope Prediction
The sequential B-cell epitopes of the fusion protein PiuA-PlyD4 were predicted through the IEDB tool (http://www.iedb. 
org/).21 The BepiPred-2.0 server at IEDB was used for the prediction of linear B-cell epitopes by the Random Forest 
algorithm. The residues with scores above the threshold (default value is 0.5) are predicted to be the composition of an 
epitope. Based on the tertiary structure of PiuA-PlyD4, conformational B-cell epitopes were performed by DiscoTope 1.1 
at IEDB (default value is −7.7). For projecting MHCII binding peptides, the NetMHCIIpan 4.0 (https://services. 
healthtech.dtu.dk/services/NetMHCIIpan-4.0/) online tool was used to predict binding to MHCII molecules using 
artificial neural networks (ANNs). Both Binding Affinity (BA) and Eluted Ligand mass spectrometry (EL) on 
NetMHCIIpan 4.0 were used to elucidate appropriate MHCII binding epitopes.22

Molecular Docking Analysis and Visualization
Toll-like receptors (TLRs) play a vital role in the immune response, whether innate or acquired. TLR2 and TLR4 are 
responsible for recognizing microbial components, and TLR2 is also the receptor for gram-positive bacteria.23,24 

Molecular docking between piuA and TLR2/4 was performed by the HDOCK server (http://hdock.phys.hust.edu.cn/), 
a fully automated protein-protein docking server. This server automatically simulates the interaction through a hybrid 
strategy of template-based modeling and template-free docking.25 For the docking analysis, the 3D structures of piuA 
(PDB ID: 4JCC), human TLR2 tetramer (PDB ID: 6NIG) and TLR4 dimer (PDB ID: 3FXI) were retrieved from the 
RCSB PDB site (https://www.rcsb.org/). Thereafter, the docked complexes were further visualized with PyMOL and 
ChimeraX software, which provided us with analyses of the protein-ligand interactions by hydrogen bonds. Furthermore, 
the binding free energy of the complexes obtained using GROMACS 2019.6 and MM-PBSA.26

Bacteria
Escherichia coli (E. coli) DH5α (Invitrogen, CA, USA) was used as the host for plasmid molecules, and E. coli BL21 
(Invitrogen, CA, USA) was used as the protein expression vector. The different serotypes of S. pneumoniae strains used 
in this experiment were all preserved in our previous clinical research (Table 1). The S. pneumoniae strains were 

Table 1 Information About the Strains Used to Detect the Conservation of PiuA- 
PlyD4 by Western Blotting

Number Strain Number Serotype Molecular Type PMEN

1 WCH2203043016 19F ST271 N/A

2 WCH1802171019 19A ST320 N/A
3 WCH2102011128 3 ST10085 N/A

4 WCH2111091299 6A ST2754 N/A

5 WCH1902181003 23A ST338 Colombia23F-26
6 WCH2201131112 14 ST876 N/A

7 WCH2107031165 34 ST11945 N/A

8 WCH2201181333 15A ST11972 N/A
9 E. coli BL21 Negative control

Note: The strain number was assigned in PRJNA915821, which has been uploaded to NCBI (https://www. 
ncbi.nlm.nih.gov/).
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inoculated on TSA plates containing 5% sheep blood (blood agar) or Todd-Hewitt medium (THY) and cultured at 37°C 
with 5% CO2 in an incubator.

Mice
Female C57BL/6 mice aged 4 to 6 weeks were purchased from Chengdu Dashuo Experimental Animal Co., Ltd. and 
raised under specific pathogen-free (SPF) conditions in the Animal Experimental Center at the Second West China 
Hospital of Sichuan University.

Expression and Identification of the Fusion Protein PiuA-PlyD4
Construction and Expression of Recombinant Plasmid
The recombinant plasmid piuA-plyD4-pET28a was synthesized by Tsingke Biotechnology Co., Ltd. based on the gene 
sequence of S. pneumoniae standard strain R6 (NC_003098.1) with the addition of BamHI-XhoI restriction sites.

The plasmid was transformed into E. coli DH5α by the heat shock method and amplified. Single colonies growing on 
the surface of Luria-Bertani (LB) agar plates were picked and cultured for plasmid amplification, and the recombinant 
plasmids were sent to Tsingke Biotechnology Co., Ltd. for Sanger sequencing identification.

Purification and Identification of PiuA-PlyD4
After breaking open the strains by high pressure, the clarified lysate was purified by sequential Ni2+-NTA chromato
graphy, anion exchange chromatography (Source Q, Cytiva, USA), gel filtration chromatography (Superdex 200 
Increase, Cytiva, USA), and polymyxin B resin gravity column (GenScript, NJ, USA) to obtain purified PiuA-PlyD4 
fusion protein. The purified protein was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, CA, USA). Anti-6×His tag antibody 
(diluted 1:1000 in 5% BSA solution) was used as the primary antibody, and HRP-labeled goat anti-mouse IgG (diluted 
1:5000) was used as the secondary antibody. The PVDF membrane was visualized using an imaging system, and the 
protein concentration was determined using an ultraviolet-visible spectrophotometer (DeNovix, USA).

Biosafety Evaluation
Two weeks after the last immunization (day 42), mice were euthanized by sodium pentobarbital (180 mg/kg), and organs 
including lungs, brain tissue, heart, liver, spleen, and kidneys were dissected for fixation in 4% paraformaldehyde 
(Solarbio, Beijing, China). Tissue sections were then prepared and stained with hematoxylin and eosin (H&E) for 
histopathological examination using light microscopy.

Mouse Immunization and Antiserum Preparation
Six- to eight-week-old female C57BL/6 mice were randomly divided into three groups using a double-blind method 
(Table 2). Mice were immunized with the PiuA-PlyD4 vaccine adjuvanted with Al(OH)3. One week after each 
immunization (Figure 1), tail-tip blood was collected from three mice per group. One week after the final immunization, 
antisera were collected from the orbital blood of all mice.

Table 2 Immunization Schedule for C57BL/6 Mice

Group Immunization Content/μg Volume/μL Time/Days

1 PiuA-PlyD4 20 200 0+14+28
2 Adjuvant – 200 0+14+28

3 PPV23 – 200 0
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Mouse Antiserum Titer Assessment and Cross-Reactivity
Immunogenicity Assessment
Immunogenicity was evaluated using an indirect enzyme-linked immunosorbent assay (ELISA). Mouse sera collected 
from each group were incubated with PiuA-PlyD4 fusion protein precoated on the microwell plate, and HRP-labeled goat 
anti-mouse IgG (diluted 1:5000, ZEN BIO, China) was used as the secondary antibody. After color development, the 
absorbance was measured at 450 nm to determine the specific IgG antibody titers in each sample.

Antibody Subtype Detection
One week after the final immunization (Day 35), immune sera from each immunization group were collected, and an 
indirect ELISA method was used to detect antibody subtypes. HRP-labeled goat anti-mouse IgG1, IgG2a, IgG2b, and 
IgG3 (diluted 1:5000, Cell Signaling, USA) were used as secondary antibodies to determine the specific IgG antibody 
subtype titers in each sample.

Conservation Assessment
The conservative assessment was conducted by selecting clinical strains with high serotype isolation rates in the local 
area that were identified in previous studies by our research group (Table 1). These included strains 19F, 19A, 3, 6A, 
23A, 14, 34, and 15A, with E. coli strains used as negative controls. Bacterial lysates were prepared by heating at 95°C 
and separated by SDS-PAGE, followed by transfer onto PVDF membranes. Each group of antisera was added (diluted 
1:1000), and HRP-labeled goat anti-mouse IgG antibody (diluted 1:5000) was used as the secondary antibody. Western 
blotting analysis was then used to assess the conservation of PiuA-PlyD4.

Protection Efficacy with Active Immunization
Anti-Colonization Protective Effect
Two weeks after the final immunization (day 42, Table 2), mice were briefly anesthetized with sodium pentobarbital 
(50 mg/kg), and S. pneumoniae strain WCH2203043016 (Serotype 19F, Table 1) was prepared and suspended in amounts 
of 30 μL per mouse (2.8×107 CFU/μL). The mice were intranasally infected with the bacterial suspension. Seventy-two 
hours postinfection, the mice were euthanized by sodium pentobarbital (180 mg/kg), and nasal lavage fluids (NLF) were 
collected by instilling 500 μL of sterile PBS into the exposed trachea and then recovering it from the nasal cavity. 
Bacterial counts were determined by plating serially diluted NLF samples for colony-forming units (CFUs). Lung 
homogenates were also prepared and plated before CFUs were counted.

In addition, lung tissues from the immunized mice were histologically examined by preparing tissue sections and 
staining them with H&E to evaluate any pathological changes.

Protective Effect Against Lethal Infection
Two weeks after the final immunization (Table 2), S. pneumoniae strain WCH2102011128 (Serotype 3, Table 1) was 
selected to construct the lethal infection model (3.2×104 CFU/200 μL). The optimal bacterial dose (2.8×107 CFU/μL) 
was used for intraperitoneal inoculation based on preliminary LD90 experiments. The mice were infected to establish the 

Figure 1 Flowchart of immunization and challenge experiments with the PiuA-PlyD4 protein vaccine.
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S. pneumoniae lethal infection model, after which their conditions were observed daily for 21 days, and their survival 
status was recorded.

Adhesion Inhibition and Cytokines
Adhesion Inhibition Assay with Immune Serum
The A549 cell (Type II epithelial lung carcinoma cells, ATCC) concentration was adjusted to 3×105 cells/mL, and 1 mL 
was transferred to a 24-well plate. The bacterial suspension of S. pneumoniae strain WCH2203043016 (serotype 19F, 
Table 1) was adjusted to 5×106 CFU/10 μL. Then, 100 μL of immune serum (diluted 1:10 in 10% FBS) with an antibody 
titer of 7.5×105 was added to each well. The samples were centrifuged at 1300×g for 5 min and incubated for 1 h at 37 °C 
and 5% CO2. After dilution, the samples were plated, and CFU values were calculated by bacterial colony counts.

Cytokine Detection
Two weeks after the final immunization (day 42, Table 2), mice were euthanized using sodium pentobarbital (180 mg/ 
kg), and splenocytes were isolated to prepare cell suspensions of 5×106 cells/mL. Then, 1 mL of the suspension was 
added to each well of a 24-well cell culture plate and cultured at 37 °C with 5% CO2. The PiuA-PlyD4 fusion protein was 
adjusted to a final concentration of 5 μg/mL and added to the splenocyte suspension. The supernatants were collected at 
24, 48, and 72 h. Standard solutions containing ILs, IFN-γ, and TNF were prepared, and cytokine concentrations were 
measured using a Mouse Th1/Th2/Th17 CBA Kit (BD Biosciences, NJ, USA).

Statistical Analysis
IBM SPSS Statistics software (SPSS, version 22.0, USA) was used to assess the statistical significance of the experi
mental data. Methods included the chi-square test, Fisher’s exact test, the T-test, one-way ANOVA statistical analysis, 
and the Mantel-Cox test. The Bonferroni and Tamhane’s T2 methods were used to analyze whether the differences 
among multiple groups based on one-way ANOVA statistical analysis were statistically significant; the Bonferroni 
method was used to analyze whether the differences among multiple groups based on the chi-square test were statistically 
significant. A p value of < 0.05 was considered statistically significant.

Results
Immunoinformatics Analysis
Fusion Protein Design and Characteristic Evaluation
The PiuA with removed transmembrane domain and the signal peptide was connected with PlyD4 through a (GGGGS)2 

linker to construct the target protein PiuA-PlyD4.27,28 The physicochemical parameters related to PiuA-PlyD4 were 
predicted using ExPASy. The results showed that the fusion protein PiuA-PlyD4 was composed of 426 amino acids, with 
a molecular weight of 46.6 kDa and a theoretical pI of 5.28. Its predicted half-life was 30 h in mammalian reticulocytes, 
> 10 h in E. coli, and > 20 h in yeast. The GRAVY index was −0.374, with lower scores indicating higher solubility, 
suggesting that PiuA-PlyD4 is hydrophilic. The instability index of PiuA-PlyD4 was estimated to be 27.68, demonstrat
ing a certain level of stability. The antigenicity of PiuA-PlyD4 was estimated to be 0.684 (threshold: 0.4) by VaxiJen 
v2.0. Using the AllerTOP server, the allergenicity of PiuA-PlyD4 was assessed; the results predicted that the construct is 
nonallergenic.

Tertiary Structure Validation
To validate the overall quality of PiuA-PlyD4 after obtaining the model through AlphaFold2, the Z score, the ERRAT 
score, and the Ramachandran plot were evaluated. The quality factor predicted by the Z score was −9.63 (Figure 2A), 
suggesting that our construct is reliable.29,30 Moreover, the ERRAT score for PiuA-PlyD4 was 94.4 (Figure 2B), and 
a higher ERRAT score indicates that the predicted model is more trustworthy.31 MolProbity was used to evaluate the 
structure quantity and generate the Ramachandran plot (Figure 2C). The Ramachandran plot revealed that 91.7, 95.0, and 
0.5% of the residues were in the favored, allowed, and disallowed regions, respectively. Typically, more than 85% of 
amino acids in favored zones are acceptable,32,33 which further verifies the reliability of our data.
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Identification of B-cell Epitopes
As B cells play an essential role in the adaptive immune system, especially for humoral immunity, the sequential and 
discontinuous B-cell epitopes of PiuA-PlyD4 were predicted using the IEDB tool, and the prediction results of the sequential 
(Figure 3A) and discontinuous (Figure 3B) epitopes obtained by the servers were visualized on the 3D structure.

Identification of MHCII Binding Epitopes
According to the common alleles and well-documented alleles (CWD),34 five HLA-DRB1 alleles that are most common 
in the Chinese population were selected, and MHCII binding epitope prediction was performed using NetMHCIIpan-4.0. 
The prediction results (Table 3) showed that HLA-DRB1*0701, HLA-DRB1*0803, HLA-DRB1*0901, HLA- 
DRB1*1202, and HLA-DRB1*1501, which are commonly found in the Chinese population, could all strongly bind to 
the PiuA-PlyD4 protein sequence, indicating that the fusion protein has good immunoreactivity.

Figure 2 Overall structural quality assessment of PiuA-PlyD4. (A) Validation with a Z score of −9.63 using ProSA. (B) ERRAT score for PiuA-PlyD4 with a score of 94.4. 
Misfolded regions are shown in red, regions between 95% and 99% incorrect are shown in yellow, and white shows regions with lower error rates. (C) The Ramachandran 
plot analysis demonstrated that 91.7%, 95.0% and 5.0% of the residues were in the favored, allowed and disallowed regions, respectively.
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Molecular Docking Analysis and Visualization
Innate immunity is the first line of defense against pathogen invasion. The TLR family serves as a vital sensor that detects 
diverse microbial components and elicits innate immune responses. We speculate that PiuA may have potential binding sites 
with TLR2/4. The processes of protein-ligand docking between TLR2/4 receptors and PiuA were performed by the HDOCK 
online server. A more negative docking score means a more possible binding model. Meanwhile, when the confidence score 
is higher than 0.7, the two proteins would be very likely to bind.25,35 Based on these, the models were chosen for PiuA-TLR2 
and PiuA-TLR4 complexes with the best docking and confidence scores, respectively; the results showed the potential 
interaction between PiuA and TLR2/4. The top 10 predictions in HDOCK for PiuA-TLR2/4 were shown in Supplementary 
Figures 1 and 2. To display and evaluate the interaction of protein-ligand complexes, PyMOL and ChimeraX were used. 
PiuA-TLR2 formed 11 hydrogen bonds (Figure 4A): Asp267-Ser222, Ser269-Ser222, Leu262-Lys192, Ala263-Lys192, Asp297- 
Lys192, Asp297-Arg167, Glu276-Thr174, Ala286-Thr149 and Lys290-His147. Additionally, PiuA-TLR4 formed 18 hydrogen bonds 
(Figure 4B): Ser37-Glu605, Glu136-His529, Lys133-Gln505, Asp132-Arg460, Glu111-Lys477, Glu111-Gln430, Lys129-Glu439, Asp109- 
Arg382, Ser236-Asn417, Lys207-Ser392, Lys207-Ser394, Gly265-Lys362, Asn268-Tyr296, Ala263-Arg264, Leu262-Arg264 and Lys172- 
Glu42. Additionally, the average binding free energy of PiuA-TLR2 and PiuA-TLR4 were shown in Supplementary Table 1.

Figure 3 Linear and conformational B-cell epitope prediction of PiuA-PlyD4. (A) The prediction results of linear B-cell epitopes. Residues with scores above the threshold 
(0.5 by default) were considered part of the epitopes and are shown in blue in the plot. (B) The tertiary structure of PiuA-PlyD4 with discontinuous epitopes. The epitopes 
are marked in yellow to show their surface positions.
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Expression and Identification of the Fusion Protein PiuA-PlyD4
Construction and Expression of Recombinant Plasmid
The recombinant plasmid was double-digested with BamHI and XhoI and identified by Sanger sequencing, confirming 
that the nucleotide sequence was as expected. After inducing expression with IPTG, the results of SDS-PAGE confirmed 
the presence of the PiuA-PlyD4 fusion protein band at the corresponding position (Figure 5A).

Purification and Identification of PiuA-PlyD4
After purification using the Ni2+-NTA gravity column (Figure 5A), anion exchange chromatography, and gel filtration 
chromatography, the candidate vaccine PiuA-PlyD4 was obtained with a purity > 90% (Figure 5B and C). After removal 

Table 3 MHCII Binding Epitope Prediction

Pos MHCII Peptide %Rank_EL %Rank_BA BindLevel

356 DRB1_0701 DLTAHFTTSIPLKGN 0.16 0.33 <=SB
355 QDLTAHFTTSIPLKG 0.23 0.27

112 VDKFKEIAPTVLFQA 0.40 0.40
354 GQDLTAHFTTSIPLK 0.43 0.25

357 LTAHFTTSIPLKGNV 0.45 0.18

111 FVDKFKEIAPTVLFQ 0.49 0.46
129 DDYWTSTKANIESLA 0.86 8.76

127 SKDDYWTSTKANIES 0.94 13.15

128 KDDYWTSTKANIESL 0.95 8.72

234 DRB1_0803 DILFVINRTLAIGGD 0.35 0.00 <=SB
127 SKDDYWTSTKANIES 0.49 25.65

233 PDILFVINRTLAIGG 0.50 0.00

128 KDDYWTSTKANIESL 0.67 17.4
204 TLKFKPTDTKFEDSR 0.74 34.84

19 APTEITIKSSLDEVK 0.81 20.38

232 NPDILFVINRTLAIG 0.91 0.00

356 DRB1_0901 DLTAHFTTSIPLKGN 0.38 0.50 <=SB
112 VDKFKEIAPTVLFQA 0.39 0.43
111 FVDKFKEIAPTVLFQ 0.52 0.56

358 TAHFTTSIPLKGNVR 0.55 0.46

357 LTAHFTTSIPLKGNV 0.57 0.33
127 SKDDYWTSTKANIES 0.68 14.63

128 KDDYWTSTKANIESL 0.71 8.97

129 DDYWTSTKANIESLA 0.76 9.13

58 DRB1_1202 EKNIVGMPTKTVPTY 0.07 5.00 <=SB
57 FEKNIVGMPTKTVPT 0.10 6.90

56 GFEKNIVGMPTKTVP 0.26 8.52

59 KNIVGMPTKTVPTYL 0.40 5.53

232 DRB1_1501 NPDILFVINRTLAIG 0.28 0.14 <=SB
231 INPDILFVINRTLAI 0.42 0.14

230 EINPDILFVINRTLA 0.49 0.16

58 EKNIVGMPTKTVPTY 0.56 3.12
57 FEKNIVGMPTKTVPT 0.65 4.71

233 PDILFVINRTLAIGG 0.95 0.26

Notes: %Rank_EL: Percentage rank of predicted eluted ligand score; %Rank_BA: Predicted affinity level compared 
to a set of 100,000 random natural peptides; BindLevel (SB: Strong Binding, WB: Weak Binding): If the ranking 
percentage is below the threshold of a strong binding agent, the peptide segment will be identified as having strong 
binding. If the % Rank is higher than the threshold for a strong binding agent but lower than the specified threshold 
for a weak binding agent, the peptide will be recognized as having weak binding. The strong binding here represents 
the results of two prediction methods combined.
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of endotoxin and filtration, the final protein concentration was determined to be 2.5 mg/mL, which was confirmed by 
Western blotting (Figure 5D).

Biosafety Assessment
Two weeks after immunization, the heart, lungs, liver, brain tissue, spleen, and kidneys were isolated from C57BL/6 mice 
in each group, and tissue slices were made and stained with H&E. Compared with the adjuvant control group, no 
significant pathological damage was observed in the immunized group, indicating that the PiuA-PlyD4 fusion protein has 
good biosafety and can be used as an immunogen (Figure 6).

Mouse Antiserum Titer Assessment and Cross-Reactivity
Immunogenicity Assessment
After 7 days on each immunization day, serum was collected from mice in each group, and indirect ELISA was 
performed to measure specific IgG antibody titers (Figure 7A). The titer significantly increased after the third immuniza
tion of PiuA-PlyD4, and in the adjuvant control group, there were few specific antibody reactions as follows: (7.81±2.32) 
×105 vs (1.40±0.55) (P<0.001).

Figure 4 PiuA-TLR2/4 docking complexes. PiuA is shown in red, and hydrogen bonds are shown as yellow chains. (A) Visualization of the docking complex of PiuA-TLR2 
and analysis of hydrogen-bonding interactions. TLR2 is shown in blue. (B) Interacting residues between docked PiuA-TLR4 and TLR4 are shown in green.
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IgG Antibody Subtype Detection
The specific antibody subtypes (IgG1, IgG2a, IgG2b, and IgG3) in each group were detected by indirect ELISA 
(Figure 7B). The immunized mice mainly produced IgG1, IgG2a, and IgG2b antibodies, with a certain amount of 
IgG3. The specific effector titers of the PiuA-PlyD4 and adjuvant groups were as follows: IgG1: (2.68±1.79) ×105 vs 
(2.20±1.30) (P=0.010), IgG2a: (3.29±2.09) ×103 vs (1.60±0.89) (P=0.008), IgG2b: (4.18±1.06) ×104 vs (2.40±0.89) 
(P<0.001), IgG3: (75.40±23.27) vs (1.80±1.30) (P<0.001).

Figure 5 Expression, purification and identification of the PiuA-PlyD4 fusion protein. (A) Inducible expression of PiuA-PlyD4. SDS-PAGE result of the induced expression of 
PiuA-PlyD4, Lines 1–7: post-bacterial lysis supernatant, post-bacterial lysis precipitate, flow-through, wash buffer 1, wash buffer 2, elution buffer, Ni2+-NTA matrix after 
elution, respectively. The arrow points to the elution buffer. (B) Lines 1–8 represent the 15th to 22nd tubes after gel filtration chromatography, and the 18th–22nd tubes 
were taken for sparing. (C) Gel filtration chromatography purification of the PiuA-PlyD4 fusion protein. The arrow indicates the position of the protein peak. (D) Western 
blotting was used for the identification of the fusion protein. PiuA-PlyD4 was transferred onto a PVDF membrane after SDS-PAGE electrophoresis, and the anti-6×His tag 
was used as the primary antibody. Positive bands of PiuA-PlyD4 appeared at the corresponding position.

Figure 6 Pathological changes in the organs of mice after immunization. From left to right are heart tissue, liver tissue, spleen tissue, lung tissue, brain tissue and kidney 
tissue respectively.
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Conservation Assessment
Clinical strains with high isolation rates were selected, including 19F, 19A, 3, 6A, 23A, 14, 34, and 15A. E. coli BL21 
was used as the negative control strain. Among them, 19F, 19A, 3, 6A, and 14 are PCV13-covered serotypes, and 23A, 
34, and 15A are PCV-uncovered serotypes. After reacting with PiuA-PlyD4-specific antiserum, obvious positive PiuA 
bands appeared in all S. pneumoniae strains of different serotypes (Figure 7C), indicating that PiuA-PlyD4 fusion protein 
antiserum can recognize various serotypes of S. pneumoniae and is expected to provide broad-spectrum protection. In 
addition, the Ply protein showed weak reaction bands or no reaction bands.

Protection Efficacy with Active Immunization
Anti-Colonization Protective Effect
Two weeks after the last immunization, a 19F (ST271) bacterial suspension was prepared at a dose of 2.8×107 CFU/μL to 
establish colonization infection models. After 72 h of infection, mouse NLF was collected, and lung tissue was separated 
to prepare homogenate and then diluted to count colonies. The results showed that the number of colonized bacteria in 
the nasal cavity (Figure 8A) of the PiuA-PlyD4 group and adjuvant control group was (2.74±0.62) ×105 CFU vs (10.34 
±1.57) ×105 CFU (P<0.001); the number of colonized bacteria in the lungs (Figure 8B) of the PiuA-PlyD4 group and 

Figure 7 Mouse immune antiserum titer assessment and cross-reactivity. “****” represents a significant difference between the two groups, and P<0.005. (A) Specific IgG 
titers of antiserum. HRP-labeled goat anti-mouse IgG (diluted 1:5000) was used as the secondary antibody. The antibody titer steadily increased with the number of 
immunizations, reaching (7.81±2.32) ×105 after the third immunization, n=5. (B) Detection of IgG antibody subtypes. HRP-labeled goat anti-mouse IgG1, IgG2a, IgG2b, and 
IgG3 (diluted 1:5000) were used as secondary antibodies, n=5. (C) Conservation of PiuA-PlyD4 in different clinical strains. Lane 1 is the marker, and lanes 2–8 are PiuA- 
PlyD4-specific antiserum reacting with S. pneumoniae cell proteins of different serotypes (corresponding to serotypes 19F, 19A, 3, 6A, 23A, 14, 34, and 15A), all showing 
positive reaction bands; lane 9 is the E. coli BL21 control strain, with no positive reaction band observed.
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adjuvant control group was (2.57±0.56) ×104 CFU vs (10.47±0.81) ×104 CFU (P<0.001). The number of colonized 
bacteria in the immunization group was significantly lower than that in the adjuvant control group.

The lung tissue was also collected for histological analysis by H&E staining (Figure 8C). Under an optical 
microscope, compared to the adjuvant group, mice in the immunization group had milder alveolar tissue damage and 
exhibited varying degrees of lobar pneumonia symptoms with different degrees of inflammatory cell infiltration and 
capillary congestion.

Figure 8 Protection efficacy with active immunization. (A) Bacterial colonization level in the nasal cavity, n=5. “****“ represents a significant difference between the two 
groups, and P<0.005. (B) Bacterial colonization level in the lungs. The lower the colony count, the higher the rate of clearance of bacteria in that group, n=5. “****” 
represents a significant difference between the two groups, and P<0.005. (C) Pathological changes in the lung tissue of mice after infection. The arrows point to the milder 
alveolar tissue damage in the mice of the immune group compared with the adjuvant group. (D) The survival curve of mice infected with serotype 3, using the Mantel-Cox 
test to analyze whether there was a significant difference, n=12. ”**” and ‘***’ indicate significant differences between the group and the marked groups (P<0.05); ‘ns’ means 
there is no significant difference between the two groups.
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Protective Effect Against Lethal Infections
Two weeks after the last immunization, S. pneumoniae serotype 3 was used to prepare bacterial suspensions for the 
intraperitoneal challenge. The lethal infection models were established based on the optimal challenge dose, and the 
survival status of the mice was observed every day for 21 consecutive days. The survival time and survival rate of the 
mice were recorded (Figure 8D). The 21-day survival rates of mice infected with serotype 3 were PiuA-PlyD4: 50.0%; 
Adjuvant: 8.3%; PPV23: 83.3%. The results showed that PiuA-PlyD4 effectively improved the survival rates and 
prolonged the survival times of mice infected with serotype 3, which were significantly improved compared with the 
adjuvant control group (P=0.008); there was no significant difference compared with the PPV23-immunized group 
(P=0.111).

Adhesion Inhibition and Cytokines
Adhesion Inhibition Assay with the Antiserum
Adhesion inhibition assay using S. pneumoniae and A549 cells with the PiuA-PlyD4 fusion protein antiserum; 
S. pneumoniae serotype 19F adhered to A549 cells, which was inhibited by PiuA-PlyD4 antiserum, and the adhesion 
inhibition ability was evaluated by colony counting as follows (Figure 9A): PiuA-PlyD4: (3.73±0.93) ×103 CFU; PPV23: 
(4.40±0.58) ×103 CFU; adjuvant: (10.81±1.63) ×103 CFU. The inhibitory effect of the PiuA-PlyD4 antiserum on 
bacterial adhesion was significantly higher than that of the adjuvant group (P<0.001), and there was no significant 
difference with the PPV23 immune group (P=0.634).

Cytokine Detection
The PiuA-PlyD4 fusion protein effectively stimulated the production of various cytokines in mouse splenocytes. The 
cytokine concentrations secreted by splenocytes 72 h after stimulation were detected by flow cytometry CBA assay 
(Figure 9B). The specific concentrations in the PiuA-PlyD4 group and adjuvant group were as follows: IL-2: (14.72±3.16 
vs 2.77±1.37) pg/mL (P<0.001), IL-4: (2.98±0.61 vs 2.60±1.16) pg/mL (P=0.526), IL-6: (620.36±185.79 vs 33.37 
±12.61) pg/mL (P<0.001), IL-10: (996.16±219.05 vs 25.71±6.61) pg/mL (P<0.001), IL-17A: (246.88±72.44 vs 9.32 
±3.05) pg/mL (P<0.001), TNF-α: (693.07±82.00 vs 17.69±8.00) pg/mL (P<0.001), IFN-γ: (303.74±102.17 vs 11.60 
±6.41) pg/mL (P<0.001). The levels of secretion of the cytokines IL-2, IL-6, IL-10, IL-17A, TNF-α, and IFN-γ were 
significantly different between the PiuA-PlyD4 group and the adjuvant group.

Discussion
In addition to the capsule, S. pneumoniae pathogenesis is also closely related to other non-capsule virulence genes. 
Virulence factors and capsules jointly form a complex, tight and tenacious virulence regulation system in S. pneumoniae, 

Figure 9 Adhesion inhibition and cytokines. “****” represents a significant difference between the two groups (P<0.005); ‘ns’ means there is no significant difference. (A) 
Adhesion inhibition assay with the antiserum. PiuA-PlyD4 fusion protein antiserum inhibits the adhesion of S. pneumoniae to A549 cells. The lower the colony counting value, 
the stronger the inhibitory effect on adhesion, n=5. (B) Cytokine concentrations produced by mouse splenocytes stimulated with the PiuA-PlyD4 fusion protein, n=5.
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which regulates its pathogenicity. This is also the target that scholars are using to develop vaccines and find new drugs, 
which may provide a breakthrough for improving the prevention of S. pneumoniae diseases. PiuA is exposed outside the 
cell membrane of S. pneumoniae and plays an important role during the transfer of bacteria from the nasopharynx to the 
lung. It is an essential virulence factor in mouse infection models and has the potential to effectively overcome the 
inherent immunogenicity defects and serotype dependence of pneumococcal polysaccharide vaccines.36

PiuA, as a soluble lipoprotein binding protein of the PiuBCDA ABC transporter, is a tetrameric FeIII-iron carrier 
binding protein. It promotes exogenous iron absorption by binding tetrameric hydroquinone FeIII, which affects bacterial 
growth and development and stimulates host immune responses, especially in antibacterial colonization.37,38 Computer 
modeling studies have shown that multiepitope vaccines composed of high antigenic epitopes of PiuA, along with PspA, 
CbpA, and PhtD, can provide protection against S. pneumoniae infection and are good early candidate indicators for 
S. pneumoniae vaccines.39 Ply has strong proinflammatory effects, and the inflammatory response induced by Ply 
accelerates the clearance of S. pneumoniae from the upper respiratory tract. Its D4 domain at the C-terminus (AA360– 
471) is a cholesterol-binding site of host cells that exhibits high conservation and immunogenicity. It possesses the TLR4 
agonist activity, bacterial virulence and hemolytic activity of full-length Ply. This domain can be used as a good vaccine 
candidate factor. Our previous studies have also shown that PlyD4, when combined with NanA and Tuf peptide segments 
to prepare fusion proteins, had certain protective effects when immunized in mice,14 making it a better fusion protein 
component.13,40

Therefore, in this study, we aimed to increase the exposure of fusion protein epitopes by connecting the full-length 
sequence of PiuA (excluding the signal peptide and transmembrane structure threshold) and PlyD4 with a flexible linker 
(GGGGS)2 to prepare the fusion protein PiuA-PlyD4; the aim was to obtain a fusion protein vaccine with better 
conservation and immune protection effects. (GGGGS)2 can reduce the spatial hindrance of different components of 
the fusion protein, which is beneficial to the correct folding of each structural domain.41

The Bepipred 2.0 model prediction results of the online IEDB server showed that PiuA-PlyD4 has abundant B-cell 
epitopes, including both linear and conformational epitopes. In addition, the HLA-DRB1 antigen in the MHC class II 
gene is important in the immune response and is closely related to CD4+ T-cell immunity. The helper T-cell epitope 
prediction results of the NetMHCIIpan-4.0 online website showed that in addition to strong binding epitopes, there are 
also many weak binding epitopes. A large number of epitopes help to stimulate the host to produce higher levels of 
specific antibodies and better protection, and the above results indicate that the fusion protein PiuA-PlyD4 has good 
immune reactivity in theory.42

Ply, as the major virulence protein of S. pneumoniae, is known as an agonist of TLR4.13 To identify the potential main 
residues of the interaction between PiuA, another component of the fusion protein, and TLRs, we performed molecular 
docking using HDOCK. Following docking, the complexes −209.35 (for PiuA-TLR2) and −254.94 (for PiuA-TLR4) 
with the best docking scores were selected for analysis. In order to enrich antigenic epitopes, the ligand PiuA is relatively 
large. Although molecular docking analysis suggests the existence of potential interactions, the binding of the ligand to 
TLRs still needs further optimization.43,44

Immunoinformatics approaches have been widely used in developing novel vaccines against numerous diseases.45,46 

Computing virtual analysis is more efficient in terms of time and cost than conducting extensive screening 
experimentally.47 Given the good results of immunoinformatics prediction, we performed prokaryotic expression and 
purification, and detected the impact of PiuA-PlyD4 on pathological tissue sections of mouse organs such as heart, lung, 
brain, and liver after immunization; we found that PiuA-PlyD4 did not cause damage to the mouse organ tissue, 
indicating some degree of biosafety and its potential as a candidate protein vaccine for S. pneumoniae.

An important feature of an ideal protein vaccine is its ability to induce host immune responses. The protective effect 
of specific IgG antibodies on the host depends on multiple pathways, including toxin neutralization, complement 
activation, antibody-dependent cellular cytotoxicity (ADCC), and participation in opsonophagocytosis, among others. 
In this study, we used conventional modeling methods,48 mixed PiuA-PlyD4 with Al(OH)3 adjuvant at the same volume, 
and subcutaneously immunized C57BL/6 mice with three doses. High titer-specific IgG antibodies were produced after 
immunization, indicating that the fusion protein PiuA-PlyD4 we constructed had good immunogenicity.
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High levels of IgG antibodies often indicate better immune protection, enhance complement deposition, induce 
complement-dependent opsonization, and reduce bacterial colonization to exert anti-infective effects.49 However, the 
maintenance time of antibodies in the host still needs further investigation, and the specific mechanism is also related to 
the vaccine form.50 In addition, the clearance and protective effects of fusion proteins against S. pneumoniae infections 
are related to IgG subtypes and cytokine secretion. Studies have shown that immunization with PiuA-PlyD4 and 
aluminum adjuvant can induce high levels of IgG1, IgG2a, and IgG2b antibodies in the host, indicating that the fusion 
protein not only stimulates the host to produce a high level of humoral immune response but also stimulates the Th1 and 
Th2 immune responses at the same time.

Compared with polysaccharide-based vaccines, one huge advantage of an ideal protein vaccine is that it is not 
restricted by serotype and can provide protection against infections from different serotypes of S. pneumoniae. In this 
study, we verified the conservation of PiuA-PlyD4. We found that PiuA-PlyD4-specific antiserum could induce immune 
reactions with the PiuA protein of different serotypes of S. pneumoniae, producing obvious cross-reactive bands, and 
indicating that PiuA-PlyD4 may provide protection against infections from different serotypes of S. pneumoniae. The 
fusion protein antiserum had weaker or no reaction bands with bacterial Ply proteins, which was consistent with the 
previously reported weak reaction intensity of PlyD4 in the NanAT1-Tuf1-PlyD4 fusion protein.14 The reason for this 
might be related to the strong positive reaction of the PiuA protein, which affected the exposure and coloration or the 
formation of absolute dominant epitopes of PiuA in the fusion protein, which masked the reaction of PlyD4-peptide 
segments.

Nasopharyngeal colonization is a risk factor for invasive infection, and colonized bacteria are considered a reservoir 
of antibiotic resistance genes and polysaccharide variation, leading to antibiotic resistance and vaccine escape, such as 
seen in serotypes 15BC and 35B. Therefore, preventing bacterial carriage can prevent the occurrence of invasive 
diseases.51 If a vaccine could reduce S. pneumoniae colonization in the host’s nasopharynx or other parts of the body, 
it would help protect against colonization and invasive infections. At the same time, it is also likely to block the spread of 
antibiotic resistance because shortening the duration of asymptomatic carriage may limit the adaptive advantages of 
antibiotic-resistant pathogens under the use of antibiotics. Based on the above characteristics, we evaluated the effec
tiveness of the vaccine from the following two aspects: reducing colonization and increasing survival rate.

In the colonization model, we found that the bacterial load of immunized mice in the nasopharynx and lungs was 
significantly lower than that of the adjuvant control group, and the inflammatory response in their lungs was milder than 
that of the adjuvant group. In addition, we constructed lethal infection models using S. pneumoniae with high isolation 
rates in previous clinical isolates, namely, serotype 3. The results showed that PiuA-PlyD4 can prolong the survival time 
and improve the survival rate after S. pneumoniae infections. However, the survival rate of mice was lower than that of 
those given the current commercial polysaccharide vaccine PPV23. However, due to the serotype limitation of PPV23 
and its low T-cell-independent immunogenicity, fusion protein vaccines can still be used as promising vaccine candidates 
for in-depth research.50

Humoral immunity is considered the major response against the extracellular pathogen S. pneumoniae.52 Cytokine 
detection further showed that PiuA-PlyD4 can stimulate spleen cells in the host to produce high levels of the cytokines 
IL-2, IL-6, IL-10, IL-17A, TNF-α, and IFN-γ, indicating that the fusion protein immune response not only activates Th1 
and Th2 pathways but also stimulates Th17 cell immune pathways. This may be an important reason why the fusion 
protein can reduce S. pneumoniae colonization, and it is consistent with the previously reported protective effects of Th1 
and Th17 responses in clearing nasopharyngeal colonization strains and the protective immune conclusion of Th2- 
induced humoral immunity on lethal infection models after colonization.53

Based on the prediction of immunoinformatics, this study demonstrated that PiuA-PlyD4 is a promising vaccine 
candidate protein that enhances the immune response and can stimulate high levels of specific anti-pneumococcal 
antibodies through a series of in vivo and in vitro experiments. The limitation of this study is the lack of long-term 
monitoring of the protective utility of the fusion protein PiuA-PlyD4. In the future, we will further explore the immune 
effectiveness and mechanism, including the types of immune cells that play a protective role and whether PiuA-PlyD4 
can induce immune memory to better evaluate the protective effect of fusion protein vaccines.
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Conclusion
In conclusion, our study not only successfully verified the feasibility of PiuA-PlyD4 fusion protein as a vaccine candidate 
by immunoinformatics prediction, but also evaluated its vaccine potential in vivo and in vitro experiments. The fusion 
protein PiuA-PlyD4 showed desirable biological safety, immunogenicity and conservation. It can stimulate the host to 
produce high levels of specific IgG antibodies, activates Th1 and Th2 pathways as well as stimulates Th17 cell immune 
pathways. Therefore, PiuA-PlyD4 can be considered a promising vaccine candidate against S. pneumoniae.
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