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A B S T R A C T   

Clostridioides difficile (C. difficile), as the major pathogen of diarrhea in healthcare settings, has become 
increasingly prevalent within community populations, resulting in significant morbidity and mortality. However, 
the therapeutic options for Clostridioides difficile infection (CDI) remain limited, and as of now, no authorized 
vaccine is available to combat this disease. Therefore, the development of a novel vaccine against C. difficile is of 
paramount importance. In our study, the complete proteome sequences of 118 strains of C. difficile were 
downloaded and analyzed. We found four antigenic proteins that were highly conserved and can be used for 
epitope identification. We designed two vaccines, WLcd1 and WLcd2, that contain the ideal T-cell and B-cell 
epitopes, adjuvants, and the pan HLA DR-binding epitope (PADRE) sequences. The biophysical and chemical 
assessments of these vaccine candidates indicated that they were suitable for immunogenic applications. Mo-
lecular docking analyses revealed that WLcd1 bonded with higher affinity to Toll-like receptors (TLRs) than 
WLcd2. Furthermore, molecular dynamics (MD) simulations, performed using Gmx_MMPBSA v1.56, confirmed 
the binding stability of WLcd1 with TLR2 and TLR4. The preliminary findings suggested that this multi-epitope 
vaccine could be a promising candidate for protection against CDI; however, experimental studies are necessary 
to confirm these predictions.   

1. Introduction 

Clostridioides difficile (C. difficile), a gram-positive anaerobic bacte-
rium, is the main cause of antibiotic-associated diarrhea (AAD) and a 
significant contributor to fatalities associated with gastrointestinal 
illness in both North American and European healthcare settings [1]. It 
poses a significant healthcare challenge worldwide due to its high 
morbidity and mortality rates, alongside its tendency to recur and the 
emerging issue of antibiotic resistance [2–4]. While antibiotics exist to 
treat primary Clostridioides difficile infections (CDI), their effectiveness is 
compromised by challenges such as recurrent infections and the emer-
gence of antibiotic-resistant strains, continuing to pose a significant 
threat [5,6]. Consequently, it is imperative to explore new and alter-
native strategies for the prevention and treatment of CDI to address this 
critical health concern. 

In recent years, researchers have made significant efforts in the 

development of vaccines against C. difficile. Among these, there has been 
considerable interest in vaccine candidates targeting key surface anti-
gens such as toxins, Cpw66, Cwp84, CD0873, SplA, etc. Studies have 
shown that these vaccine candidates can elicit specific immune re-
sponses against these crucial virulence factors, thereby preventing 
bacterial colonization, neutralizing bacterial toxins, and alleviating the 
severity of CDI symptoms [7–10]. However, no vaccine candidate has 
proven effective enough to warrant approval for preventing CDI. Hence, 
there is an urgent need to develop novel C.difficile vaccines. 

Due to the extensive strain diversity and antigenic variability of 
C. difficile, coupled with the challenges associated with in vitro culture, 
the identification of potential antigens through conventional biochem-
ical, serological, and microbiological approaches is notably time- 
consuming and labor-intensive. Notably, recent advancements in the 
fields of immunoinformatics and reverse vaccinology (RV) have proven 
to be highly effective in facilitating the rapid identification of potential 
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antigens on a genomic scale [7]. The combination of these approaches 
has the potential to identify vaccine targets that traditional methods 
might not be able to detect, thereby expanding the range of potential 
antigens. Moreover, they eliminate the need for intricate and 
time-consuming procedures involved in antigen separation and purifi-
cation, thereby accelerating the screening process, and enhancing 
overall efficiency [8,9]. 

In recent years, mRNA-based vaccines have garnered significant 
attention from researchers because of their rapid production process, 
capacity to generate robust immune responses without using live path-
ogens, and adaptability to quickly adapt to emerging viral variants [10, 
11]. These vaccines demonstrate significant immunostimulatory effects 
by activating key innate immune sensing mechanisms, namely Toll-like 
receptors (TLRs) and RIG-I-like receptors (RLRs), following the delivery 
of exogenous mRNA into the cells [12]. This activation can stimulate the 
release of type I interferons and pro-inflammatory cytokines, which in 
turn prime antigen-presenting cells, such as dendritic cells (DC) and 
macrophages (MA), to activate a strong adaptive immune response. The 
transient expression of mRNA also provides safety advantages by elim-
inating the risks of genomic integration and attendant long-term effects 
associated with DNA-based vaccines [13]. This ensures precise control 
over the amount of antigen produced, lowering the chances of immune 
system overactivation and autoimmune incidents. Furthermore, mRNA 
vaccines can efficiently produce antigenic proteins within host cells, 
mimicking natural infection and eliciting potent immune responses with 
a broad range of antigenic epitopes [14]. Importantly, this process en-
ables the incorporation of post-translational modifications, like glyco-
sylation, which play a vital role in inducing an optimal immune response 
[14]. 

In this study, we employed RV approach in combination with various 
immunoinformatics tools to design a multi-epitope mRNA vaccine 
against C. difficile. We aim to systematically identify potential antigenic 
targets within the complete proteomes of 118 C. difficile strains and to 
further predict ideal epitopes for these targets, thereby designing vac-
cines capable of providing protective immunity against CDI based on 
these epitopes. The proposed multi-epitope mRNA vaccine holds great 
promise for inducing protective immunity against CDI through several 
mechanisms. Firstly, it includes multiple epitopes from different anti-
genic targets, which broadens and specifies the immune response 
induced by the vaccine, aiding in the recognition and neutralization of 
an array of virulence factors of different C. difficile strains. Second, the 
transient nature of mRNA expression ensures safety by avoiding 
genomic integration and long-term negative effects associated with 
DNA-based vaccines. Simultaneously, it allows the efficient production 
of antigenic proteins in host cells, mimicking natural infection and 
inducing strong immune responses. Furthermore, the vaccine includes 
epitopes that have the capacity to invoke both antibody-mediated and 
cell-mediated immune responses, ensuring comprehensive immune de-
fense against CDI. 

2. Methodology 

2.1. Screening conserved antigenic proteins 

2.1.1. Obtaining proteome and identifying core proteins 
To identify core proteins among all proteomes, we began by 

retrieving complete proteome sequences of 118 C. difficile strains from 
the NCBI database on April 10, 2023. Subsequently, we utilized version 
1.3 of the Bacterial Pan Genome Analysis (BPGA) tool, using the 
USEARCH algorithm and adopting a screening criterion where the 
conservation rate of the protein sequence exceeded 90% for the selection 
of core protein sequences [15]. The default settings for additional pa-
rameters were maintained throughout the process of identifying core 
protein sequences in the dataset. 

2.1.2. Identification of non-homologous proteins to humans 
In vaccine development, selecting antigens that do not possess ho-

mology to human proteins is crucial to avoid the risk of autoimmune 
responses or tolerance to the introduced antigens. To eliminate potential 
candidates that may elicit cross-immunity in humans, we first acquired 
the Homo sapiens reference proteome (taxid: 9606) from the NCBI 
database and constructed a local database. We then utilized the BLAST 
v2.12.0+ program to identify core proteins with homology to those 
within our local database. Proteins exhibiting homology, defined by an 
E-value threshold of less than 10-4 and a bit score exceeding 100, were 
omitted from further consideration. All other parameters remained at 
their default settings. 

2.1.3. Identifying essential proteins, virulence proteins, and antibiotic 
resistance proteins 

Essential proteins play an important role in bacterial survival and 
growth, making them significant targets for vaccine candidates. In our 
study, we aimed to identify essential proteins of C.difficile using core 
protein alignments with the Database of Essential Genes 10 (DEG 10) via 
BLAST v2.12.0+ [16]. Core proteins meeting the criteria of an E-value of 
less than 10-4, a bit score higher than 100, and a sequence identity 
greater than 30% were considered essential. DEG 10, known for its 
comprehensive and up-to-date repository of prokaryotic essential pro-
teins, served as a key resource in this process [16]. Furthermore, 
considering the pivotal role of virulence and antibiotic resistance pro-
teins in pathogen pathogenicity, these proteins were regarded as po-
tential vaccine targets. The BLASTp tool facilitated the identification of 
such proteins by aligning included essential proteins against the entries 
in the Comprehensive Antibiotic Resistance Database (CARD) and the 
Virulence Factor Database (VFDB) [17,18]. Criteria for filtering 
included an E-value of 10-4 or lower, a bit score greater than 100, and a 
sequence identity above 30%. We downloaded the sequence data from 
DEG, VFDB, and CARD on April 10, 2023. 

2.1.4. Analysis of subcellular localization (SLC) 
Understanding the subcellular localization of proteins is important 

for identifying therapeutic targets [19]. Proteins located in the bacterial 
outer membrane, as well as secreted proteins, show considerable 
promise as vaccine or diagnostic targets due to their accessibility to 
pharmacological agents. Hence, we used PSORTb v3.0.2 [20], a SCL 
predictor specifically designed for all prokaryotes, and Cell-PLoc 2.0 
[21], a web server for predicting SCL of proteins across various organ-
isms, to identify surface proteins within the categories of virulence 
proteins or those contributing to antibiotic resistance. Furthermore, we 
further validated the SCL of all proteins predicted as outer membrane or 
extracellular proteins by PSORTb v3.0.2 and Cell-PLoc 2.0 servers 
through the UniProt database. Only those proteins confirmed as outer 
membrane proteins or secreted proteins by both prediction tools and 
validated by UniProt were selected for subsequent analysis. 

2.1.5. Prediction of biophysical and chemical characteristics 
The antigenicity of surface proteins was evaluated employing two 

bioinformatics servers, VaxiJen v2.0 [22] and ANTIGENpro [23], and 
proteins with an antigenicity value of ≥0.5 were included based on the 
assessment. Subsequently, the antigenic proteins were submitted to 
further prediction for toxicity and allergenicity using ToxinPred 2 [24] 
and AllerTOP v. 2.0 [25] servers, respectively, with proteins identified 
as either allergenic or toxic excluded from subsequent analysis. Next, the 
transmembrane helices within the remaining proteins were predicted 
through the DeepTMHMM server [26], with only proteins having no 
more than one transmembrane helix being retained. Signal sequences 
were then identified using the SignalP 6.0 server [27]. Finally, the 
molecular weight of the chosen proteins was predicted using the Prot-
Param tool available on the ExPASy server [28]. Only proteins with a 
molecular weight below 110 kDa were included to enhance experi-
mental feasibility and facilitate protein purification. 
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2.2. Predicting and screening epitopes 

2.2.1. Predicting and screening cytotoxic T lymphocyte (CTL) epitope 
The NetCTL 1.2 server [29] was utilized to predict CTL epitopes, 

selecting only those with a combined score ＞0.75 for subsequent anti-
genicity assessment using the VaxiJen v2.0 server. Antigenic CTL epi-
topes with an antigenicity score above 0.5 were then analyzed for 
toxicity and allergenicity using the ToxinPred [30] and AllerTOP v2.0 
servers. Those epitopes characterized as neither allergenic nor toxic 
were advanced for immunogenicity assessment using the Class I 
Immunogenicity module available at IEDB [31]. Given the essential role 
of major histocompatibility complex (MHC) molecules in presenting 
pathogen-derived peptides to T cells, the binding affinities of the 
non-toxic, non-allergenic and antigenic epitopes to 27 common human 
leukocyte antigen (HLA) alleles were quantified using the MHC-I bind-
ing module from the IEDB [32]. The percentile rank, which is calculated 
by comparing a peptide’s half-maximal inhibitory concentration (IC50) 
to those obtained from an array of random peptides in the SwissProt 
database, served as the metric for this evaluation. Epitopes exhibiting a 
percentile rank of 0.5% or lower, indicating a high affinity for binding to 
HLA molecules, were identified as potential candidates for vaccine 
development. 

2.2.2. Predicting and screening helper T lymphocytes (HTL) epitope 
In this study, the IEDB’s MHC II binding tool was employed to 

identify HTL epitopes and their corresponding HLA-II binding alleles by 
using the recommended prediction method consensus 2.2 [33,34]. 
Epitopes with an antigenicity score greater than 0.5 were subsequently 
screened for toxic and allergenic properties to exclude undesirable 
candidates. Interferon-gamma (IFN-γ) and interleukin-4 (IL-4) are 
crucial immunomodulatory factors in the host immune system. IFN-γ is 
essential for MA activation and the stimulation of natural killer (NK) 
cells [35], whereas IL-4 is vital for the differentiation of naive T cells into 
effector cells and for mediating humoral immunity [36]. To evaluate the 
potential of HTL epitopes to induce the generation of IFN-γ, the analysis 
was conducted using the IFNepitope server [37]. These inducers were 
further evaluated for their capacity to prompt IL-4 release by employing 
the IL4Pred server [38]. Finally, epitopes having the ability to stimulate 
IFN-γ production were selected for inclusion in the vaccine construct. 

2.2.3. Predicting and screening B-cell epitopes 
To predict linear B-cell epitopes within the target protein sequences, 

we used the ABCpred server[ [39], setting the epitope length to 16 
amino acids with a cutoff value of 0.8. Antigenicity predictions for the 
selected epitopes were then performed using the VaxiJen v2.0 server. 
Epitopes achieving an antigenicity score of 1 or higher underwent sub-
sequent analysis for toxicity and allergenicity, employing the Toxinpred 
and AllerTOP v2.0 servers, respectively. Only those epitopes that were 
both non-toxic and non-allergenic, with an antigenicity score of 1 or 
greater, were incorporated into the final vaccine construct. 

2.3. Multi-epitope vaccine design 

All epitopes that satisfied the established screening criteria were 
selected for inclusion in the vaccine construct. Due to the relatively 
weaker immunogenicity of multi-epitope vaccines compared to con-
ventional vaccines, adjuvants are often integrated into vaccine con-
structs to augment immunogenicity [40]. Beta-defensin-2 demonstrates 
broad-spectrum antimicrobial activity against bacteria, fungi, and vi-
ruses, while also participating in the regulation of inflammation and 
immune responses. It can activate innate immune cells and recruit naive 
T cells via chemokine receptors CCR-6 and CCR2 [41]. Moreover, 
studies have demonstrated its interaction with TLRs on 
antigen-presenting cells [41]. RS09, a synthetic mimic of lipopolysac-
charide (LPS) peptides, serves as a new TLR4 agonist for adjuvant 
development. When incorporated into certain vaccines as an adjuvant, it 

effectively enhances the levels of specific antibodies in the serum [42]. 
Pam2Cys, a synthetic metabolizable lipoamino acid, mimics the struc-
ture of bacterial cell walls, thereby augmenting vaccine immunogenicity 
through the activation of TLR2 and the stimulation of innate immune 
responses [43]. Phenol-soluble modulin alpha 4 (PSMα4), produced by 
bacteria such as Staphylococcus aureus, not only activates the host’s 
immune response and enhances immunity against infections by 
mimicking biologically active substances during bacterial infections but 
also triggers the TLR2 signaling pathway by binding to TLR2 [44]. 
Hence, RS09, Pam2Cys, β-defensin-2, and PSMα4 were selected as 
adjuvant construct vaccines in this study. The vaccine candidate also 
included a synthetic peptide called pan HLA DR-binding epitope 
(PADRE), which acts as a T helper epitope and facilitates the presenta-
tion of other epitopes to T cells [45]. EAAAK linker, a rigid peptide 
linker, efficiently maintains a fixed distance between functional do-
mains, thereby minimizing interference and maintaining individual 
functional properties [46]. Hence, to maintain individual functional 
properties of adjuvant and PADRE, we used the EAAAK to connect them. 
The GPGPG linker can disrupt the formation of junctional epitopes, 
thereby aiding in the restoration of the immunogenicity of individual 
epitopes [47]. Additionally, the study by Brian et al. has shown the 
capacity of GPGPG linkers to provoke immune responses from HTL [48]. 
The AAY linker, serving as a proteasomal cleavage site in mammalian 
cells, facilitates the formation of natural epitopes while preventing the 
formation of junctional epitopes, thereby enhancing epitope presenta-
tion and vaccine immunogenicity [47]. The KK linker, composed of 
lysine residues, provides both flexibility and spatial separation between 
functional domains or epitopes within protein constructs [49]. This 
prevents steric hindrance and promotes proteolytic cleavage, facilitating 
the targeted release of individual components. Therefore, the GPGPG, 
AAY, and KK linkers were used to link the HTL, CTL, and B-cell epitopes, 
respectively. Finally, to enable more efficient purification without 
compromising the vaccine’s efficacy, a "6xHis tag" was attached to the 
fusion protein’s C-terminal using the RVRR linker. 

2.4. Prediction of the biophysical and chemical properties of the vaccine 
construct 

The antigenicity of vaccine candidates was assessed using VaxiJen 
v2.0 and validated with the ANTIGENpro server. Additionally, the 
physicochemical attributes of the vaccine candidates, including molec-
ular weight, estimated half-life, instability index, aliphatic index, and 
grand average of hydropathicity (GRAVY), were evaluated using the 
ProtParam tool. Considering that transmembrane domains might 
impede peptide exposure and complicate peptide preparation, we uti-
lized the DeepTMHMM server to predict transmembrane helices in 
vaccine candidates employing a deep-learning approach. Furthermore, 
to prevent signal peptidase cleavage of vaccine sequences, the SignalP- 
6.0 server was employed to predict signal peptides and their cleavage 
sites based on the input vaccine sequence. Finally, the solubility of the 
vaccine was predicted using the SOLpro online server to evaluate its 
bioavailability. 

2.5. Predictions of secondary and three-dimensional (3D) structure, 
refinement, and validation of 3D structures 

The PSIPRED 4.0 server [50] was used for predicting the local 
conformation of the vaccine backbone, including elements such as alpha 
helices, beta stand, and coils. The Robetta server was used to model the 
3D structures of the vaccine constructs [51]. It employs the homology 
modeling algorithm when there are structurally similar templates 
available for the target protein, and the de novo modeling algorithm 
when such templates are not available [52]. The tertiary structures were 
subsequently refined using the GalaxyRefine tool on the GalaxyWEB 
server. This tool iteratively optimizes both the backbone conformation 
and sidechain orientations, yielding five refined models [53]. The 
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MolProbity score was used as a reference to screen the best refined 3D 
model for each vaccine candidate, favoring models with lower scores 
[54]. Following this, the models underwent quality validation via the 
ERRAT, and PROCHECK, Verify 3D programs, alongside the ProSA-Web 
server [55–57]. ERRAT program predicts a score by analyzing the dis-
tribution of non-bonded interactions among various atom types within 
the protein model, serving as an indicator of the 3D structure’s quality. A 
higher ERRAT score indicates a closer match to well-refined protein 
structures, thus reflecting superior quality [54]. PROCHECK program 
assesses the stereochemical quality of the 3D models by generating 
Ramachandran plots, where a higher percentage of residues falling 
within the favored regions indicates higher quality [54].Verify 3D tool 
assesses the quality of the 3D structure by comparing the chemical 
environment of amino acid residues in the model with typical values 
from a known high-resolution structure database. Models demonstrating 
higher similarity between residue environments and database typical 
values indicate higher quality [54]. The overall quality of the 3D 
structure was evaluated using the Z-score computed by the ProSA-Web 
web service, where negative values suggest better quality [54]. 

2.6. Vaccine-toll-like receptors (TLRs) docking 

TLR2 and TLR4, found extensively in immune cells, play vital roles in 
recognizing and responding to specific molecular patterns associated 
with pathogens, particularly bacteria [58]. To clear the interaction 
models between vaccine candidates and TLRs (TLR2 and TLR4), mo-
lecular docking was conducted using the ClusPro 2.0 server [59]. This 
server, utilizing a global search algorithm, generated lots of docking 
models, from which the 10 most favorable were listed based on their 
minimal energy scores. For enhanced accuracy, the top-ranking docking 
models from each case underwent further refinement via the refinement 
module of the HADDOCK 2.4 server [60], which involved optimizing the 
side-chain conformations of interface residues and performing an energy 
minimization for the entire complex. Next, interaction residues within 
the vaccine-TLR complex were predicted via the PDBsum server [61] 
and visualization of the docking complexes was accomplished with the 
ChimeraX server [62]. 

2.7. Analyses of molecular dynamics (MD) simulation and MM-PBSA 

2.7.1. MD simulation 
MD simulations were performed on docking complexes using Gro-

macs v2022.1 software to understand intermolecular interactions and 
dynamic behavior, thus enhancing comprehension of molecular struc-
ture, stability, flexibility, and temporal changes over time [63]. Initially, 
the Amber14SB_parmbsc1 force field parameters were added to the 
system to generate the topology and coordinate files [64]. The complex 
systems were then positioned within a cubic simulation box and solvated 
with transferable intermolecular potential 3P (TIP3P) water molecules. 
Additionally, Cl-ions were also added to neutralize the overall charge of 
the system. Next, the energy minimization of the system was performed 
for 100ps using the steepest descent algorithm. Following that, the NVT 
(canonical ensemble) and NPT (isobaric-isothermal ensemble) were run 
200ps and 2ns, respectively. In the NVT simulation, a modified 
Berendsen thermostat was employed to gradually increase the temper-
ature from 0 K to 310 K [65], and the NPT simulation utilized the 
Parinello-Rahman barostat to adjust the pressure to 1 atm [65]. Finally, 
the 100 ns MD simulation of each complex system was performed under 
constant temperature and pressure conditions, and the trajectories of the 
MD simulation were extracted for additional analyses, including the root 
mean square deviation (RMSD), the radius of gyration (Rg) and 
hydrogen bonds of each system as well as of root mean square fluctua-
tion (RMSF) of each receptor and ligand chain [66,67]. For Gibbs free 
energy analysis, Principal Component Analysis (PCA) focusing on PC1 
and PC2 was conducted using the gmx covar and gmx anaeig programs, 
with the resulting principal components utilized in the gmx sham 

program to calculate free energy [68,69]. The Gibbs Gibbs free energy 
landscape (FEL) plots generated using DuIvyTools v0.48 (https://doi. 
org/10.5281/zenodo.6340263), displayed stable states or energy 
minima in blue. DCC analysis was carried out using the Bio3D package in 
R v4.22 software to understand dynamic correlations and cooperative 
motions between different atoms within the vaccine-receptor complex 
molecular system. 

2.7.2. Molecular Mechanics Poisson-Boltzmann surface area calculation 
The Gmx_MMPBSA v1.56 tool was employed to compute the binding 

free energy of vaccine-TLR complexes using the Molecular Mechanics 
Poisson-Boltzmann and surface area (MM-PBSA) method [70]. The al-
gorithm used for the calculations is as follows: 

ΔGbind,slov = ΔGbind,vacuum + ΔGslov,complex −
(
ΔGslov,vaccine

+ ΔGslov,receptor
)

2.8. Calculation of population coverage 

An epitope triggers an immune response only in individuals 
expressing an MHC molecule able to bind to that specific epitope. The 
prevalence and distribution frequencies of various MHC alleles, how-
ever, differ significantly across regions and ethnic groups. To assess the 
potential beneficiary population for the designed vaccine, this study 
employed the Population Coverage program available in IEDB [71]. The 
analysis incorporated data on the prevalence of HLA genotypes in 
diverse geographical regions, along with information on MHC-binding 
capabilities and T-cell restriction [71]. 

2.9. Immune simulation 

The immunogenicity profile of the designed vaccine was predicted 
using the C-ImmSim server, which employs stochastic differential 
equations to simulate various immune system components and their 
interactions with peptides [72]. The C-ImmSim takes into account a 
variety of factors, such as antigen presentation efficiency, immune cell 
proliferation, and TH1/TH2 cytokine levels, to assess the immunoge-
nicity potential of the submitted antigen. According to previous studies, 
the simulation steps were set to 1050 (1 step corresponds to 8 h), and the 
time step of injection was set at 1, 84, and 168, respectively, allowing for 
the evaluation of the immune dynamics at different time points [73,74]. 
All other simulation parameters were kept at the default settings. 

2.10. Construction of mRNA vaccine and secondary structure prediction 

The design of the mRNA vaccine incorporated several critical ele-
ments. First, the Tissue Plasminogen Activator (tPA) in conjunction with 
the MHC I-targeting domain (MITD) sequence were added to the N- 
terminal of the WLcd1 protein sequence employing the EAAAK linker. 
The tPA serves as a guiding element for the sequence to traverse the cell 
membrane, while the MITD aids in the presentation of MHC molecules. 
These fused sequences underwent codon optimization based on the 
codon usage of Homo sapiens, a process carried out using the JCat server 
[75]. The Codon Adaptation Index (CAI) and the GC content served as 
metrics for evaluating expression levels. Next, we incorporated the 
Kozak sequence for translation initiation, along with the TAA stop 
codon. Furthermore, we added the 5′- untranslated regions and 3′- un-
translated regions to improve the mRNA vaccine’s stability. Finally, the 
entire DNA sequence was converted into mRNA utilizing the Tran-
scription Tool, and this was followed by the prediction of the RNA 
secondary structure with the utilization of the RNAfold server [76]. 

2.11. In silico codon cloning 

The mRNA vaccine was inserted into the pET28a (+) plasmid using 
SnapGene software, and BamHI and XhoI restriction sites were added to 
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the N-terminal and C-terminal, respectively. The mRNA vaccine 
sequence was colored in black, while the pET28a (+) vector was dis-
played in blue. Fig. 1 illustrated a flowchart outlining the vaccine design 
process and characteristics assessment. 

3. Results 

3.1. Collection of proteome data and selection of target proteins 

A total of 118 complete proteomes of the C. difficile strain were ob-
tained from the NCBI database, and their detailed information, 
including the organism name, accession number, gene count, etc. were 
presented in Table S1. Within these proteomes, 2149 core proteins were 
identified (Table S2). After removing proteins homologous to human 
proteomes, 1834 proteins were remained (Table S3). BLASTp analysis 
revealed that 582 core proteins were essential for the bacteria’s growth 
and survival. (Table S4). Additionally, 130 proteins were identified as 
virulence proteins (Table S5), 82 as resistance proteins (Table S6), and 

28 exhibited both virulence and resistance properties. After evaluating 
factors such as SLC, antigenicity, transmembrane domains, signal 
sequence, allergenicity, toxicity, and physicochemical properties, four 
optimal proteins were finally selected for vaccine design, as detailed in 
Table 1. The detailed screening process was depicted in Fig. S1. 

3.2. Epitope selection 

Using the NetCTL 1.2 server, we identified 351 CTL epitopes with a 
combined score of ＞0.75 from four targeted proteins. Each epitope 
underwent evaluation for antigenicity, immunogenicity, toxicity, and 
allergenicity, 40 ideal CTL epitopes were shortlisted. Following that, the 
affinity of CTL epitopes to HLA-I alleles was assessed. Finally, 9 CTL 
epitopes were chosen for vaccine design due to their high antigenicity 
and immunogenicity, absence of toxicity and allergenicity, and strong 
affinity to class I HLA alleles (Table 2, Table S7). 

The MHC II binding tool predicted a total of 1497 HTL epitopes of 
four target proteins. Among these, 114 HTL epitopes with the Rank≤2% 

Fig. 1. Flowchart outlining the design and evaluation process for the vaccine construct.  

Table 1 
Properties of four selected target proteins.  

Protein 
ID 

Protein name SCLa SCLb Antigenicitya Antigenicityb Allergenicity Toxicity Transmembrane 
helix 

Location of 
Signal 
peptide 

MW 

Q183K2 Cell surface protein 
cwp19 

Cell wall Cell wall 0.5234 0.946981 NA NT 0 24–25 77746.71 

Q18A62 ABC-type transport 
system 

Cytoplasmic 
Membrane 

Cell 
membrane 

0.5201 0.53144 NA NT 0 0 41510.96 

Q181X7 peptidoglycan 
glycosyltransferase 

Cytoplasmic 
Membrane 

Cell 
membrane 

0.6085 0.666607 NA NT 1 0 38960.96 

Q180Z8 peptidylprolyl 
isomerase 

Cytoplasmic 
Membrane 

Cell 
membrane 

0.5279 0.905189 NA NT 0 19–20 37958.21 

Protein ID: ID of the protein in the Uniprot; SCLa: Sub-cellular localization of target proteins predicted by PSORTb v3.0.2 server; SCLb: Sub-cellular localization of target 
proteins predicted by Cell-PLoc 2.0 server; Antigenicitya: Antigenicity predicted by VaxiJen v2.0 server; Antigenicityb: Antigenicity predicted by ANTIGENpro server; 
NT: Non-toxic; NA: Non-allergenic; MW: Molecular weight. 
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were selected for further evaluation. 3 HTL epitopes were finally 
selected based on specific inclusion criteria, including antigenicity, non- 
toxicity, non-allergenicity, and the ability to induce IFN-γ production 
(Table 3, Table S8). 

ABCpred server identified a total of 70 B cell epitopes with a high 
predicted score (≥0.8). After the assessment of antigenicity (≥1), 
toxicity, and allergenicity, 9 B cell epitopes were finally chosen (Table 4, 
Table S9). 

3.3. Biophysical and biochemical profiles of vaccine candidates 

3.3.1. Assessment of the antigenicity, allergenicity and toxicity 
This study has developed two vaccine candidates, WLcd1 and 

WLcd2, that have the same components, except for the different adju-
vants at the N- and C-terminals (Fig S2A, S3A). The antigenicity of these 
two vaccine candidates was highly close. The VaxiJen and ANTIGENpro 
servers predicted the antigenicity of WLcd1 to be 1.09 and 0.87, 

Table 2 
Properties of final selected CTL epitopes.  

Protein ID Start position Supertype Epitope Antigenicity Immunogenicity Toxicity Allergenicity Rank% Allele 

Q18A62 148 A1, A2 ATSPDILLL 1.3075 0.06618 NT NA 0.16 HLA-B*58:01  
0.18 HLA-A*02:06         
0.26 HLA-A*32:01         
0.35 HLA-B*57:01         
0.41 HLA-A*68:02  

125 B39, B44 FEGRYPWQL 1.5047 0.1683 NT NA 0.12 HLA-B*40:01  
303 A3 FTYTIYVRK 0.9696 0.22906 NT NA 0.05 HLA-A*11:01         

0.06 HLA-A*68:01         
0.08 HLA-A*03:01         
0.29 HLA-A*30:01  

338 A24 IYLDFPQEY 0.6985 0.08302 NT NA 0.03 HLA-A*30:02         
0.04 HLA-A*23:01         
0.05 HLA-A*24:02         
0.41 HLA-B*35:01         
0.45 HLA-A*32:01  

123 B58 NGFEGRYPW 1.4402 0.21087 NT NA 0.28 HLA-B*53:01  
0.42 HLA-B*58:01  

198 A1,A3,A26,B62 RVCDDIIVY 1.1737 0.28814 NT NA 0.05 HLA-A*30:02  
0.08 HLA-B*15:01  
0.14 HLA-A*32:01  
0.34 HLA-B*58:01  
0.37 HLA-B*35:01  
0.41 HLA-A*11:01  
0.43 HLA-A*01:01 

Q180Z8 178 B39, B44 DEVEASHIL 0.7833 0.10158 0.10158 NA 0.14 HLA-B*40:01  
0.21 HLA-B*44:03         
0.32 HLA-B*44:02  

27 A3 TVATVEGTK 0.8731 0.23749 0.23749 NA 0.15 HLA-A*68:01         
0.3 HLA-A*11:01 

Q183K2 288 A2 LIDYVVPQL 0.5718 0.0055 0.0055 NA 0.1 HLA-A*02:06         
0.12 HLA-A*02:01 

Protein ID: ID of the protein in the UniProt; The start position indicated the beginning of the epitope’s first amino acid residue; Epitopes with the Rank% ≤0.5 % were 
considered to have good binding ability to corresponding alleles; NT: Non-toxic; NA: Non-allergenic. 

Table 3 
Properties of final selected HTL epitopes.  

Protein ID Start position peptide Antigenicity Toxicity Allergenicity IFN-γ IL-4 Adjusted rank allele 

Q18A62 334 KGDRIYLDFPQEYLF 0.5153 NT NA IFN-γ inducer IL4 inducer 0.66 HLA-DRB1*03:01 
0.5153 1.4 HLA-DRB3*01:01 

Q18A62 148 ATSPDILLLDEPFSA 0.7975 NT NA IFN-γ inducer Non IL4 inducer 1.6 HLA-DRB1*03:01 
Q181X7 89 KQREKKLKSKKRKKQ 1.5953 NT NA IFN-γ inducer IL4 inducer 0.97 HLA-DRB5*01:01 

Protein ID: ID of the protein in the UniProt; The start position indicated the beginning of the epitope’s first amino acid residue; Epitopes with the Rank% ≤2% were 
considered to have good binding ability to corresponding alleles; NT: Non-toxic; NA: Non-allergenic. 

Table 4 
Properties of final selected B-cell epitopes.  

Protein ID Sequence Start position Score Antigenicity Toxicity Allergenicity 

Q18A62 GFEGRYPWQLSGGQQQ 124 0.87 1.4370 NT NA 
Q180Z8 KGETVATVEGTKISSD 24 0.89 1.1192 NT NA 
Q181X7 KHSYTSANKKNKSPNT 28 0.87 1.1701 NT NA  

ERRRVEYKQREKKLKS 82 0.81 1.1380 NT NA 
Q183K7 EEAHKRGMEFHAWFNP 115 0.91 1.2577 NT NA  

TATYQKYGKGQNKDDW 207 0.91 1.0504 NT NA  
GKGQNKDDWRRENVNT 214 0.89 1.4394 NT NA  
RNKSSDPTGSDTSGNE 256 0.85 2.1752 NT NA  
NNSIGDKVESEIKDTL 483 0.84 1.1551 NT NA 

Protein ID: ID of the protein in the UniProt. The start position indicated the beginning of the epitope’s first amino acid residue; NT: Non-toxic; NA: Non-allergenic. 
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respectively. Similarly, WLcd2 showed antigenicity values of 1.02 and 
0.88, respectively (Table S10). Based on the results obtained from the 
ToxinPred2 and AllerTOP v.2.0 servers (Table S10), it was determined 
that both the WLcd1 and WLcd2 were non-toxic and non-allergenic. 

3.3.2. Analysis of physicochemical characteristics 
The vaccine candidates WLcd1 and WLcd2 had residue lengths of 

414 and 447, respectively. Their molecular weights were 47,353.17 Da 
and 50,688.58 Da, respectively, both falling within the recommended 
weight range (≤110 KDa) (Table S10). The instability index values for 
WLcd1 and WLcd2 were 34.71 and 34.95, respectively. A protein with 
an instability score of 40 or higher indicates the potential of being un-
stable and susceptible to degradation. The aliphatic index values for 
WLcd1 and WLcd2 were 55 and 59.89, respectively. The aliphatic index 
reflects thermal stability, with favorable values typically ranging be-
tween 50 and 150. The GRAVY index for WLcd1 was − 1.011, and for 
WLcd2 was − 0.876, indicating hydrophilicity for two vaccine candi-
dates (Table S10). Predictions from DeepTMHMM and SignalP-6.0 
showed the absence of transmembrane helices or signal peptides in 
either vaccine (Fig. S4-5). The solubility propensity for WLcd1 and 
WLcd2 upon overexpression in E. coli was 0.965418 and 0.907515, 
respectively (Table S10). In summary, our findings indicated that both 
vaccines possess favorable biophysical and biochemical attributes suit-
able for immunological applications. 

3.4. Prediction of secondary Secondary structure 

The PSIPRED server was employed to analyze the secondary struc-
ture of WLcd1 and WLcd2. The analysis revealed that 41.06% of the 
amino acids in WLcd1 contributed to alpha-helix formation, 43.72% to 
coils, and 15.22% to beta-strand. Similarly, for WLcd2, 43.85% of its 
amino acids formed alpha-helices, 43.62% were involved in coil for-
mation, and 12.53% contributed to beta-strand formation (Fig. S2B, 3B). 

3.5. 3D structure modeling, refinement and validation 

The 3D structures of the designed vaccines were generated using the 
Robetta server, and the most favorable models were selected for 
refinement via the GalaxyRefine server. After refinement, the models of 
WLcd1 and WLcd2 exhibited enhancements in quality. The most ideal 
refined models of WLcd1 and WLcd2 were shown in Fig. 2B. The ERRAT 
scores of the refined models of WLcd1 and WLcd2 were 96.9697 and 
94.8718, respectively. Additionally, the Ramachandran plot of the 
refined model of WLcd1 showed that 93.6% of residues were in favored 

Fig. 2. Design, tertiary structure refinement, and validation of two vaccine constructs (WLcd1 and WLcd2). (A) Design of two vaccine constructs illustrating CTL 
(cytotoxic T lymphocyte), HTL (helper T lymphocyte), B-cell epitopes, adjuvant, and various linkers, each depicted using different colors. (B) Refined tertiary 
structures of the two vaccine constructs, with helices depicted in orange-red, strands in green, and coils in purple. (C) Residue distribution in Ramachandran plots 
generated by the PROCHECK program. WLcd1: 93.6% in favored region (red), 5.3% in allowed region (yellow), and 1.1% in disallowed region (white). WLcd2: 
90.8% in favored region (red), 8.1 % in allowed region (yellow), 1% in disallowed region (white); (D) Z-Score plot generated by the ProSA-Web program, indicating 
Z-scores of − 7.27 and − 7.46 for WLcd1 and WLcd2, respectively. 

Table 5 
The docking analysis of the vaccine-TLR complexes.  

Server Parameter Complex 

WLcd1- 
TLR2 

WLcd1- 
TLR4 

WLcd2- 
TLR2 

WLcd2- 
TLR4 

ClusPro Center − 890.8 − 855 − 903.0 − 853.2  
Lowest energy − 1041.5 − 1331.7 − 1118.6 − 1042.6 

HADDOCK 
2.4 

HADDOCK 
score 

− 247.0 
± 5.8 

− 222.4 
± 1.8 

− 203.8 
± 2.7 

− 203.0 
± 3.6  

Cluster size 20 20 20 20  
RMSD 0.6 ± 0.3 0.5 ± 0.3 0.6 ± 0.3 0.6 ± 0.3  
Van der Waals 
energy 

− 113.3 
± 2.9 

− 87.5 ±
2.2 

− 100.8 
± 3.1 

− 96.9 ±
3.0  

Electrostatic 
energy 

− 232.1 
± 27.4 

− 435.2 
± 8.2 

− 207.6 
± 10.5 

− 250.1 
± 22.8  

Desolvation 
energy 

− 87.3 ±
7.7 

− 47.8 ±
2.4 

− 61.5 ±
1.3 

− 355.3 
± 18.9  

Restraints 
violation 
energy 

0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0  

Buried Surface 
Area 

3095.1 
± 69.9 

3390.8 
± 54.1 

2455.9 
± 104.3 

3572.4 
± 46.5  

Z-Score 0 0 0 0 
PDBsum Salt bridges 3 4 2 4  

Hydrogen 
bonds 

15 17 6 13  
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Fig. 3. Molecular docking between vaccine candidates and receptor chains. Docking patterns of the vaccine candidate and receptor were illustrated at the top, with 
the vaccine chain depicted in cartoon form and the receptor chain displayed in surface form. Hydrogen bonds, shown in the yellow dotted line, formed between the 
vaccine chain and the receptor chain were presented below. Different interactions formed between them were shown in the plot on the right, with different types of 
interactions represented by differently colored lines. (A) WLcd1-TLR2 complex (15 hydrogen bonds, 3 salt bridge, and 265non-bonded contacts); (B) WLcd1-TLR4 
complex (17 hydrogen bonds, 4 salt bridge, and 157 non-bonded contacts); (C) WLcd2-TLR2 complex (2 hydrogen bonds, 6 salt bridge, and 130 non-bonded 
contacts); (D) WLcd2-TLR4 complex (4 hydrogen bonds, 13 salt bridge and 119, non-bonded contacts). 

C. Tan et al.                                                                                                                                                                                                                                     



Synthetic and Systems Biotechnology 9 (2024) 667–683

675

regions, 5.30% in allowed regions, and only 1.1% in disallowed regions 
(Fig. 2C). Similarly, for the refined model of WLcd2, 90.8% of the res-
idues were found in the favored region, 8.1% in allowed regions, and 
only 1% in disallowed regions (Fig. 2C). Verify3D tool has also verified 
the reliability of vaccine constructs by demonstrating that 89.37% and 
80.31% of residues in the refined models of WLcd1 and WLcd2, 
respectively, align closely with the average score line. The Z-scores 
predicted by the ProSA-Web server were − 7.27 for WLcd1 and -7.46 for 
WLcd2, respectively (Fig. 2D). These results suggested the reliability of 
the refined 3D models for both WLcd1 and WLcd2. 

3.6. Molecular docking of vaccine with TLRs 

Molecular docking was performed to clarify the binding mode be-
tween refined models of vaccine candidates and immune receptors. 
Thirty models were displayed and ranked according to the cluster size 
generated by the ClusPro 2.0 server, the docking complex with the 
largest cluster size was selected (Table 5). The WLcd1-TLR2 complex 
with the largest cluster size exhibited a center binding score of − 890.8, 
with the lowest energy identified at − 1041.5. For the WLcd1-TLR4 
complex, the center binding score was − 780.2, with the lowest energy 
observed at − 1048.1 (Table 5). In the case of the WLcd2-TLR2 complex, 
the binding score at the center was − 903.0, and the lowest energy was 
found at − 1118.6. For the WLcd2-TLR4 complex, the center binding 
score was − 853.2, and the lowest energy was observed at − 1042.6 
(Table 5). To further improve the structural stability and reliability of 
the complexes, we refined the docking complexes using the HADDOCK 
server. The refined docking models of vaccine-TLR complexes were 
visualized via ChimerX (Fig. 3). For a thorough comprehension of 
vaccine-receptor interactions, the refined models of the vaccine-TLR 
complex were additionally analyzed using PDBsum. According to the 
PDBsum server predictions, there were 15 hydrogen bonds and 3 salt 
bridges in the WLcd1-TLR2 complex, while the WLcd1-TLR4 complex 
displayed 17 hydrogen bonds and 4 salt bridges (Table 5, Fig. 3). In 
comparison, the interactions between WLcd2 and TLRs were found to be 
weaker. Specifically, the WLcd2-TLR2 and WLcd2-TLR4 complexes had 
6 hydrogen bonds and 2 salt bridges, and 13 hydrogen bonds and 4 salt 
bridges, respectively (Table 5, Fig. 3). Above all, WLcd1 and WLcd2 had 
a good binding affinity with TLRs. 

3.7. MD simulation 

To assess the stability, flexibility, and compactness of the vaccine- 

TLR complexes, we performed molecular dynamics (MD) simulations 
on the docked complexes. Subsequently, we analyzed the RMSD, Rg, 
RMSF, and hydrogen bonds of the simulated trajectories. To know the 
structural changes over time during MD simulations, we extracted 
structures of the docking complexes at 0, 25, 50, 75, and 100 ns and 
visualized their superimposed structures using ChimeraX (Fig. 4). 

3.7.1. Analysis of RMSD 
The RMSD serves as a quantitative index used to evaluate the level of 

conformational changes between a simulated structure and its original 
state. When the RMSD value is low, it typically indicates minimal 
conformational changes, while a stable RMSD value suggests relative 
structural stability. In the case of the WLcd1-TLR2 complex, the RMSD 
value showed a gradual increase in the first 10 ns, then continued to rise 
over time, reaching a maximum value of 0.6 nm at 55 ns. After 55 ns of 
MD simulation, the RMSD value displayed reduced fluctuation, sug-
gesting that the WLcd1-TLR2 complex has achieved stable. Similarly, for 
the WLcd1-TLR4 complex, the RMSD value showed a gradual increase in 
the first 10 ns, then experienced another increase at 40 ns, and the 
system reached relative stability at 56 ns of the MD simulation with a 
RMSD value of 0.6 nm (Fig. 5A). 

3.7.2. Analysis of Rg 
The Rg value, calculated as the root-mean-square distance of all 

atoms in a molecule from their center of mass, is used to characterize the 
compactness of the protein complex. A stable Rg value indicates that the 
structure of the molecule remains stable and undergoes no significant 
structural change. As depicted in Fig. 5B, the Rg value for both the 
WLcd1-TLR2 and WLcd1-TLR4 complexes remained relatively stable 
throughout the 100 ns MD simulation, with fluctuations limited to a 
range of 0.3 nm. 

3.7.3. Analyses of RMSF 
During MD simulation, the RMSF serves as a measure of the posi-

tional deviation of individual atoms within a molecule from their 
average positions. It’s employed to assess the structural flexibility of 
each amino acid residue within the molecule. Generally, regions 
exhibiting higher RMSF values indicate greater flexibility within the 
ligand-receptor complex. The RMSF analysis of both the WLcd1-TLR2 
and WLcd1-TLR4 complexes showed that the vaccine chain had more 
changes in RMSF values than the receptor chain. These changes were 
especially noticeable in residues after 380, which suggests that these 
residues were more flexible during the MD simulation (Fig. 5C and D). 

Fig. 4. Superposition diagram of vaccine-receptor complexes at different time points in molecular dynamics (MD) simulations. The structure diagrams of 0ns, 25ns, 
50ns, 75ns, and 100 ns times were shown in red, yellow, blue, green, and purple, respectively. (A) WLcd1-TLR2 complex; (B) WLcd1-TLR4 complex. 
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For the TLR2 chain, the RMSF value showed small fluctuations during 
the MD simulation, with a mean RMSF value of 0.26 ± 0.08 and a 
maximum RMSF value of 0.5488 (Fig. 5C). The RMSF value for the TLR4 
chain remained stable during the MD simulation, with an average value 
of 0.16 ± 0.04 (Fig. 5D). 

3.7.4. Analysis of hydrogen 
The hydrogen bond, an intermolecular force, is crucial for stabilizing 

protein complex structures. During MD simulation, the total number of 
hydrogen bonds in the WLcd1-TLR2 complex fluctuated around 9, while 
in the WLcd1-TLR4 complex, it fluctuated around 13. It was evident that 
interactions within the WLcd1-TLR4 complex were stronger than those 
in the WLcd1-TLR2 complex. This aligned with our analysis of RMSD 
values and MM-PBSA binding energy (Table 6). These results indicated 
that both the WLcd1-TLR2 and WLcd1-TLR4 complexes were stable, and 
the designed vaccine exhibited a strong affinity to TLRs (Fig. 5E and F). 

Fig. 5. The Root means square deviation (RMSD), Root means square fluctuation (RMSF), Radius of Gyration (Rg) and hydrogen bonds of molecular dynamics 
simulation (MD) trajectories of vaccine-TLR complexes. (A)The RMSD of WLcd1-TLR2 (orange) and WLcd1-TLR4 (blue) complexes; (B) The Rg of WLcd1-TLR2 
complex (green) and WLcd1-TLR4 complexes (brown); (C) The RMSF of WLcd1-TLR2 complex, the vaccine chain was represented in purple and the TLR2 chain 
was depicted in red; (D) The RMSF of WLcd1-TLR4 complex, the vaccine chain was represented in orange and the TLR4 chain was depicted in brown; (E) The 
hydrogen bonds of WLcd1-TLR2 complex; (F) The hydrogen bonds of WLcd1-TLR4 complex. 

Table 6 
MM-PBSA analysis of the vaccine-TLR complexes.  

Energy component Complex 

WLcd1-TLR2 WLcd1-TLR4 

ΔVDWAALS(KJ/mol) − 130.84(10.29) − 166.64(7.07) 
ΔEEL(KJ/mol) − 841.13(74.95) − 2134(81.91) 
ΔEPB(KJ/mol) 902.74(71.51) 2189.18(76.65) 
ΔENPOLAR(KJ/mol) − 15.37(1.03) − 20.12(0.89) 
ΔGGAS(KJ/mol) − 971.97(75.41) − 2300.63(83.03) 
ΔGSOLV(KJ/mol) 887.37(71.47) 2169.06(76.37) 
ΔTOTAL(KJ/mol) − 84.6(9.08) − 131.58(12.55) 

DVDWAALS: van der Waals energy; DEEL: Electrostatic energies; DEPB: Polar 
solvation energy; DENPOLAR: Nonpolar solvation energy; ΔGGAS =

DVDWAALS + DEEL; ΔGSOLV = DEPB + DENPOLAR; ΔDTOTAL = ΔGGAS +
ΔGSOLV. 
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3.7.5. Gibb’s free energy analysis 
The Gibbs free energy was employed for analyzing the conforma-

tional stability of vaccine-receptor complexes, utilizing the first two 
eigenvectors (PC1 vs PC2) derived from the MD simulation trajectory. 
Regions characterized by lower free energy in the Gibbs FEL plot denote 
stable states, while areas with higher free energy signify transitional 
states. As illustrated in Fig. 6A, the WLcd1-TLR2 complex system 
demonstrated a greater number of energy basins at the lowest levels, 
with the lowest energy conformations concentrated within energy ba-
sins ranging from − 5.8 to 6.1 kJ/mol on PC1 and -4.6 to 5.1 kJ/mol on 
PC2. Conversely, the WLcd1-TLR4 system exhibited fewer energy basins 
at the lowest levels, with the lowest energy conformations spanning 
from 0.4 to 3.7 kJ/mol on PC1 and -0.6 to 2.3 kJ/mol on PC2 (Fig. 6B). 

3.7.6. Dynamic cross-correlation analysis 
The DCCM plot (Fig. 6C and D) visually illustrated the dynamic 

correlations between atoms within vaccine-TLR complex systems, uti-
lizing a color scale to represent both the direction and strength of these 
correlations. Specifically, in the plot, the color red corresponds to a 
correlation coefficient of 1, while white represents 0, and blue signifies 

− 1. As shown in Fig. 6C and D, once the vaccine-receptor complex 
system reached a stable state, intramolecular movements became pre-
dominant throughout the MD simulation, with only sporadic intermo-
lecular movements. As shown in Fig. 6C, parts of the vaccine chain 
between 0 and 100 had a slightly positive correlation with the TLR2 
chain in the WLcd1-TLR2 complex. Similarly, in the WLcd1-TLR4 
complex, the vaccine chain’s residues 11–114 showed a slightly posi-
tive correlation with the TLR2 chain’s residues 1–400 (Fig. 6D). 

3.7.7. MM-PBSA calculations 
We extracted the 90–100 ns MD simulation trajectory at intervals of 

100 ps for subsequent MM-PBSA calculations. The calculated total 
binding free energies for WLcd1-TLR2 and WLcd2-TLR4 were − 84.6 
kcal/mol and − 131.58 kcal/mol, respectively. Detailed energy analyses 
were presented in Table 6. These results were consistent with the find-
ings from the RMSD and hydrogen bond analyses. The results showed 
that both WLcd1-TLR2 and WLcd1-TLR4 complexes were stable, with 
WLcd1-TLR2 being comparatively more stable. 

Fig. 6. The plot of Gibb’s free energy landscape (Gibb’s FEL) and dynamical cross-correlation matrix (DCCM) of vaccine-receptor complexes. The Gibbs FEL plot 
displays stable states in blue and unstable states in red for vaccine-receptor complexes. In the DCCM plot, red, white, and blue colors represent positive, no, and 
negative motions, respectively, between paired residues in the two chains. (A) Gibb’s FEL of WLcd1-TLR2 complex, (B) Gibb’s FEL of WLcd1-TLR4 complex. (C) 
DCCM of WLcd1-TLR2 complex. (D) DCCM of WLcd1-TLR4 complex. 
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3.8. Population coverage 

Population coverage across regions represents the percentage of in-
dividuals who would benefit from mass vaccination efforts. According to 
the predicted results, the designed multi-epitope vaccine (WLcd1) ach-
ieved a global coverage rate of 96.53%, with particularly elevated rates 
observed in North America (97.51%) and Europe (98.51%), regions 
where C. difficile prevalence is higher. We have also calculated the 
vaccine’s population coverage in the countries with a high incidence of 
CDI (Fig. 7). These findings suggest that the vaccine candidate has the 
potential to protect a significant portion of the population against CDI, 
particularly in nations such as the United States and Australia, which 
experience more severe CDI burdens. 

3.9. Immune simulation 

To better understand the dynamics of antibody production and cell- 
mediated immune reactions following vaccination, immune simulations 
were conducted. These simulations were aimed at mapping the initia-
tion and progression of the immune response within the host organism 
after vaccination. After administering the first dose, a slight increase in 
the levels of antibodies (including IgM, IgG + IgM, and IgG1 + IgG2), 
plasma cells (of the IgM isotype), and B cells (also isotype IgM) were 
observed, which further amplified after the second and third injections 
(Fig. 8A–C). 20 days after the administration of the third dose, the 
concentrations of IgM + IgG and IgG1 + IgG2 reached their peak, esti-
mated at approximately 2.3 × 105 and 1.1 × 105, respectively. Mean-
while, the aggregate populations of B cells and IgM isotype plasma cells 
peaked at approximately 800 and 90 cells per mm3. Additionally, the 
elevation of B cells (isotype: lgG1) and plasma cells (isotype: lgG1) was 
also detected during the second and third immune responses 
(Fig. 8A–C). In addition to humoral immune response, the activation of 
cell-mediated immunity was also evident, as demonstrated by an in-
crease in the populations of active cytotoxic T-cells and helper T-cells 
(Fig. 8D and E). As shown in Fig. 8D, the population of active cytotoxic 

T-lymphocytes increased steadily and reached 1000 cells/mm3 around 
30 days after vaccination. The growth pattern of active helper T-cells 
showed a three-stage cascade reaction, peaking at 8000 cells/mm3 
around day 50 (Fig. 8E). The generation of cytokines, including IFN-γ, 
IL-2, and others, was observed following vaccine administration, as 
indicated in Fig. 8F. Additionally, elevated levels of NK cells, MA, and 
DC were also noted during the immune simulation (Fig. 8G–I). In sum-
mary, WLcd1 appears to be capable of eliciting both adaptive and 
memory immune responses within the host, in theory. 

3.10. Design of the mRNA vaccine and recombinant plasmid 

The WLcd1-mRNA vaccine, which included both the tPA and MITD 
sequences, had a length of 2391 nucleotides. The optimized WLcd1- 
mRNA vaccine sequences yielded a CAI value of 0.97 and a GC con-
tent of 48.31%, both of which are within the desired parameters. The 
final mRNA vaccine construct was depicted in Fig. 9A. Additionally, the 
best and central secondary structures of the mRNA vaccine were pre-
sented in Fig. 9B and C, respectively, exhibiting minimum free energy of 
− 858.60 kcal/mol and − 635.50 kcal/mol, respectively. The recombi-
nant WLcd1-mRNA-pET-28a (+) vector was shown in Fig. S6. 

4. Discussion 

C.difficile exhibits inherent resistance to a multitude of antibiotics, 
greatly limiting available treatment options. This challenge is worsened 
by the spread of highly virulent strains (BI/NAPI/027) and the signifi-
cant recurrence rate observed after treatment with sensitive antibiotics 
[2,77]. Recognizing the severity of this issue, the Centers for Disease 
Control and Prevention (CDC) classified C. difficile as an "urgent 
antibiotic-resistant threat" in 2019 [78]. Active vaccination is widely 
acknowledged as an effective approach for preventing CDI, yet no vac-
cine has been approved. The failure of a toxoid vaccine in phase III trials 
to prevent primary CDI highlighted the necessity for a new vaccine 
effective in both healthcare and community settings [79]. The 

Fig. 7. Population coverage of the vaccine candidate across different areas.  
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developmental strategy of a multi-epitope mRNA vaccine facilitates the 
immune system’s recognition of various antigenic determinants, 
potentially broadening and strengthening the immune defense against 
C. difficile. Moreover, mRNA vaccines can be translated directly into 
antigen proteins within cells through cellular processes. These newly 
synthesized antigen proteins are then quickly presented to 
antigen-presenting cells in the immune system [12]. Hence, the 
multi-epitope mRNA vaccine may be an ideal alternative to prevent C. 
difficile. 

Most previous studies only focused on reference strains like CD630 or 
epidemic strains like R20291, neglecting the diversity of C.difficile 
strains and their genomes [80,81]. This study diverges by analyzing 118 
complete proteome sequences of C.difficile, aiming to identify core 
conserved targets across the different C.difficile strains. This approach 
offered new insights for the development of vaccines capable of broadly 
preventing CDI. Employing a subtraction proteomics screening 
approach, we rigorously selected proteins that exhibited high sequence 
similarity across all selected strains, ensuring their widespread presence 
and similarity across different strains. Subsequent filtration processes 
considered various factors, including indispensability, virulence, and 
resistance, while excluding proteins homologous to human proteins to 
avoid potential autoimmune risks. Ultimately, we identified four vac-
cine targets located in the bacterial outer membrane or extracellular 

space, characterized by their essentiality, antigenicity, 
non-allergenicity, and non-toxicity. This approach not only prioritized 
proteins crucial for bacterial survival and pathogenicity but also mini-
mized the risk of adverse immune reactions post-vaccination. Impor-
tantly, all four identified proteins were associated with virulence or 
resistance functions, highlighting their potential importance in stimu-
lating a protective immune response against C. difficile. 

The primary goal of the specialized, active acquired immune re-
sponses is to eradicate or control the spread of infectious diseases. 
Memory B cells, generated through adaptive immunity, can recognize 
specific pathogens upon subsequent contacts, forming the foundation of 
immunological memory crucial for vaccination efforts [82]. B- and 
T-lymphocyte cells collaborate within the adaptive immune system to 
establish antibody-dependent cellular immunity against foreign in-
vaders, ensuring the efficient recognition and elimination of pathogens. 
Therefore, to ensure the induction of a strong immune response in the 
host, the designed vaccine incorporated not only T-cell epitopes but also 
B-cell epitopes. The selection of epitopes for the vaccine candidate was 
based on their antigenicity, immunogenicity, allergenicity, and toxicity. 
Additionally, in predicting CTL and HTL epitopes, their affinity to MHC 
molecules was also assessed, which is consistent with many studies [83, 
84]. In vaccine development, incorporating linkers helps preserve the 
structural stability of the vaccine, enhancing immunogenicity, and 

Fig. 8. Immune response simulation elicited by three injections of the vaccine construct (WLcd1) generated by C-ImmSim server. (A) Titers of different antibodies. 
(B) Levels of B cell population. (C) Levels of plasma B cells. (D) Levels of helper T-cell population. (E) Levels of cytotoxic T cell population. (F) Concentration of 
cytokines. (G) Levels of NK cell population. (H) Levels of MA population. (I) Levels of DC population. 
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facilitating proper folding. Hence, EAAAK, AAY, GPGPG, and KK linkers 
were utilized to connect different parts of the vaccine constructs, as 
reported in many previous studies [85,86]. To strengthen immune 
activation and maintain the durability of the immune activation [40], 
RS09, Pam2Cys, β-defensin-2, and PSMα4, as adjuvants, were used to 
construct C.difficile vaccines, all of which have been utilized in several 
previous studies [83,87–89]. 

To ensure the successful implementation of both in vitro and in vivo 
experiments involving the C. difficile vaccine candidates, we conducted a 
comprehensive assessment of their physicochemical characteristics. The 
high antigenicity scores and non-toxic, non-allergenic profiles observed 
in WLcd1 and WLcd2, align with predictions of multiple multi-epitope 
vaccines that have been experimentally validated [87,88,90]. This 
consistency further confirmed their safety and potential to induce im-
mune responses. As the vaccine will be administered into the aqueous 
environment within the host body, achieving high solubility is crucial 
for its development. Both vaccines’ GRAVY and solubility further sup-
port their suitability for future applications. 

A comprehensive understanding of the molecular interactions be-
tween vaccine candidates and immune receptors is crucial for the suc-
cessful development of vaccines. The molecular docking results 
demonstrated that refined models of vaccine candidates (WLcd1 and 
WLcd2) exhibit a strong affinity for TLRs, which are important for 
inducing immune responses. Notably, the WLcd1-TLR2 and WLcd1- 
TLR4 complexes had a higher HADDOCK score and buried surface 
area, indicating that WLcd1 has the potential to be an effective vaccine 
candidate against C. difficile. Although interactions between WLcd2 and 
TLRs were observed, they appeared to be relatively weaker compared to 
WLcd1, suggesting differences in the binding affinities of vaccine- 
receptor complexes. This observation underscores the significance of 
the structural and conformational characteristics of vaccine candidates 
in determining their immunogenicity [91,92]. Furthermore, the refine-
ment of docking complexes using the HADDOCK server enhanced their 

structural stability, as evidenced by the analysis of hydrogen bonds and 
salt bridges. Similar approaches have been employed in previous studies 
to optimize the binding interfaces of vaccine-receptor complexes, lead-
ing to improved affinity of vaccine candidates to the receptor [81,86]. 
MD simulations have provided valuable insights into the dynamic 
behavior of vaccine-TLR complexes over time. The analyses of RMSD 
and Rg values proved the stability of these complexes. Additionally, 
RMSF analysis revealed specific regions within the vaccine candidate 
exhibiting flexibility. Hydrogen bond analysis and Gibbs free energy 
analysis results corroborated with RMSD and Rg, provided evidence for 
the stability of the binding between the vaccine and TLRs.These analyses 
provided theoretical support for the ability of the designed vaccine 
(WLcd1) to effectively stimulate immune responses. 

The analysis of population coverage revealed the potential effec-
tiveness of the WLcd1 vaccine in providing broad protection against 
CDI, especially in regions with high disease prevalence such as North 
America and Europe. This indicated that mass vaccination efforts could 
significantly alleviate the burden of CDI, particularly in countries 
heavily affected by the disease, such as the United States and Australia. 
Immune simulation results demonstrated that multiple vaccine doses 
lead to increased antibody levels, plasma cells, and B cells, indicating a 
strong humoral response. Additionally, the activation of cytotoxic T- 
cells and helper T-cells suggested the induction of a potent cellular im-
mune response. These findings revealed the vaccine’s potential to 
stimulate comprehensive immune protection against CDI. Regarding the 
mRNA vaccine design, the optimized WLcd1-mRNA construct showed 
favorable characteristics for efficient translation and expression in host 
cells. In the future, nanoparticles could be used to deliver mRNA to 
further enhance the stability and immunogenicity of the mRNA vaccine 
[93]. 

Fig. 9. Design and prediction of mRNA structure of vaccine construct. (A) Design of the mRNA vaccine construct; (B)The best secondary structure of the mRNA 
vaccine and (C) the centroid secondary structure of the mRNA vaccine generated using RNAfold server. 
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5. Conclusion 

CDI is estimated to affect millions of people worldwide annually, 
causing significant morbidity, mortality, and healthcare costs. Few 
studies have been conducted on simultaneously targeting multiple 
C. difficile strains in current C. difficile vaccine research. Our study 
adopts innovative and well-founded approaches, starting with the 
C. difficile pan-genome and target antigen conservation, proceeding to 
the restriction of HLA alleles, and finally assessing the affinity between 
vaccine candidates and TLRs. This comprehensive strategy aims to 
enhance the immunogenicity and applicability of the C. difficile vaccine. 
Given the diversity of C. difficile strains and the pivotal role of CTL im-
munity in antimicrobial defense, the significance of the WLcd1 mRNA 
vaccine surpasses that of previous research efforts. In summary, the 
mRNA vaccine has the potential to combat various C. difficile strains, but 
its efficacy and safety need to be verified through further experiments. 
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