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In Silico Multi-Epitope Vaccine Design Targeting Key Immunogenic Properties of Cryptococcus neoformans for the Prevention of Cryptococcal Meningitis
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ABSTRACT 

	Aims: To develop a multi-epitope vaccine against Cryptococcus neoformans using computational immunoinformatics approaches for the prevention of cryptococcal meningitis.
Study design:  Computational in silico vaccine design study.
Place and Duration of Study: The study was performed using publicly available protein sequence databases and bioinformatics tools during the project period.
Methodology: Four immunogenic proteins—Mp88, Hsp70, Chitin Deacetylase 2, and a GPI-anchored cell wall protein—were selected as vaccine targets. Cytotoxic T-cell, Helper T-cell, and B-cell epitopes were predicted and screened for antigenicity, immunogenicity, allergenicity, and toxicity. Selected epitopes were linked with suitable linkers and adjuvants to design a multi-epitope vaccine construct. Physicochemical properties, structural modelling, molecular docking with immune receptors, molecular dynamics simulations, codon optimization, and in silico cloning were performed.
Results: The final vaccine construct showed favorable physicochemical properties, structural stability, and strong interaction with immune receptor targets. Molecular dynamics simulations confirmed stability of the vaccine–receptor complex. Codon optimization and in silico cloning indicated efficient expression potential in a suitable host system.
Conclusion: The proposed multi-epitope vaccine construct is predicted to be stable, immunogenic, and suitable for further experimental validation as a preventive strategy against cryptococcal meningitis.
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1. INTRODUCTION 

Cryptococcus neoformans is the primary cause of cryptococcal meningitis, a potentially lethal infection that primarily affects immunocompromised individuals, particularly those living with HIV/AIDS [1, 2, 3].  Approximately 180,000 people worldwide succumb to cryptococcal meningitis annually, with a disproportionate burden in low- and middle-income countries where diagnostic and treatment resources are limited [4, 5].  Despite advancements in antifungal therapy, current treatment approaches remain largely reactive, relying on prolonged courses of medications that are often toxic, expensive, and difficult to access [6, 7].  Furthermore, the emergence of antifungal resistance and the risk of immune reconstitution inflammatory syndrome (IRIS) remain significant clinical concerns [8, 9].  Currently, there is no approved vaccine for cryptococcal disease, leaving a critical gap in preventive measures against this fatal infection [2, 10]. 
Recent progress in genomics and computational biology has facilitated the rise of reverse vaccinology. This approach utilizes immunoinformatics tools and genome-derived protein sequences to identify potential vaccine candidates without the requirement for pathogen cultivation [11, 12].  Reverse vaccinology represents a logical and cost-effective strategy for vaccine design, especially for complex fungal pathogens where traditional methods may fail.
To minimize safety risks while eliciting robust humoral and cellular immune responses, multi-epitope vaccine design has emerged as an advanced subunit strategy. This method involves predicting and combining specific B-cell and T-cell epitopes into a single synthetic construct [10, 9]. 
Recent silico studies have demonstrated the potential of these immunoinformatics-driven constructs as viable defensive prospects against various pathogens, including C. neoformans [11, 9].  In this study, four proteins were selected based on their immunogenic potential: Mp88, Hsp70, Chitin Deacetylase 2 (Cda2), and GPI-anchored cell wall protein. The FASTA sequences for these targets were retrieved from the UniProtKB database for further analysis
Provide a factual background, clearly defined problem, proposed solution, a brief literature survey and the scope and justification of the work done.]

2. material and methods 

2.1. Target protein selection
To identify the most effective vaccine candidates, four specific proteins were selected based on their high immunogenic potential and their critical roles in the pathogen's lifecycle. These included MP88 [17], HSP70 [16], chitin deacetylase 2 (CDA2) [15], and a GPI-anchored cell wall protein [14].  These targets were chosen because of their known ability to trigger a robust immune response and their accessibility on the fungal cell surface.
The primary amino acid sequences for each of these targets were retrieved in FASTA format from the UniProtKB database [13].  This ensured that the most accurate, manually curated, and up-to-date sequences were used as the foundation for all subsequent computational modeling and epitope mapping.

2.2.  Epitope prediction and screening
Using IEDB [18] and NetMHCpan [19] the Cytotoxic T lymphocyte (MHC-I), Helper t lymphocyte (MHC-II), and B-cell epitopes were predicted. ·VaxiJen [20], AllerTOP [21], ToxinPred [22], and IFNepitope [23] screened for antigenicity, allergenicity, toxicity, and
IFN-γ induction respectively. The Population coverage analysis [24] ensured global applicability.

2.3.  Vaccine construct design 
The assembly of the multi-epitope vaccine was strategically engineered to ensure both structural stability and high processing efficiency. To prevent the formation of "junctional epitopes" and to facilitate proper proteasomal cleavage, the selected epitopes were merged using specialized AAY, GPGPG, and KK linkers [20].  These linkers act as physical spacers that allow each epitope to be presented effectively to the immune system without structural interference.
To further boost the vaccine's potency, alpha-defensin adjuvant was incorporated at the N-terminus, alongside a PADRE sequence, both of which serve to significantly enhance the overall immunogenicity of the construct [21].  These elements are vital for stimulating both innate and adaptive immune pathways. The final vaccine sequence, which attained a total length of 360 amino acids, was also appended with a 6xHis tag at the C-terminus to facilitate future downstream protein purification and detection. Throughout the design process, careful consideration was given to the role of post-translational modifications, as these factors are often decisive in determining the ultimate stability and biological efficacy of the vaccine within a host system [22]. 

2.4.  Physicochemical analysis
ProtParam is an ExPASy tool that computes crucial physicochemical parameters—such as molecular weight, theoretical pI, amino acid composition, instability index, and hydropathicity (GRAVY)—from a protein's primary sequence to predict its stability and behavior. ProtParam analysis confirmed the vaccine to be [25]Stable (Instability Index: 25.81), Hydrophilic (GRAVY: -0.138), Thermostable (Aliphatic Index: 73.11).

2.5.  Structure modeling and validation
The tertiary structure of the protein was predicted via AlphaFold which gives high-accuracy structural predictions. [26] To optimize local geometry and eliminate potential steric clashes, the raw model generated by AlphaFold was processed through GalaxyRefine server. [27] Post refining it was assessed through the validation tools PROCHECK [28], ERRAT [29], and ProSA-web [30] to ensure residues were within the favorable regions of the Ramachandran plot.

2.6.  Molecular docking & dynamics
Docking with TLR4 via HADDOCK [31] yielded a strong binding score (-89.8). The interaction maps confirmed receptor engagement via PDBsum [32]. 
Molecular dynamics (MD) simulation in GROMACS, being a standard protocol for studying protein-ligand complexes, it provides enough time to observe protein stability, binding site dynamics, and conformational changes over the time of 100ns. GROMACS simulation (100 ns) [33] showed structural stability (RMSD ~1.0 nm, stable Rg and SASA).

2.7.  Expression analysis
Codon optimization via Java Codon Adaptation Tool (JCat) [34]: This process yielded a Codon Adaptation Index (CAI) of 1.0, GC content of 51.67% indicating an ideal match with the host’s tRNA availability and stable mRNA formation.
Following the optimization, the sequence was computationally inserted into the pET28a(+) expression vector. The successful orientation of the construct was then verified and visualized using SnapGene [35]. 

3. results 

3.1.  Sequence retrieval from NCBI:
The primary amino acid sequence of the target protein was successfully retrieved in FASTA format from the UniProtKB database [13].  This step was essential to ensure the use of a high-quality, manually curated sequence that is cross-referenced with existing experimental data. By sourcing the sequence from this comprehensive repository, a reliable foundation was established for all subsequent computational modeling and structural analysis.

3.2. Screening of epitopes:
Candidate epitopes were rigorously screened based on their antigenicity, allergenicity, and toxicity profiles to ensure the selection of only the most potent and safe peptides for the final vaccine construct 

3.2.1. Screening of CTL and HTL epitopes:
Using the IEDB server, both CTL (MHCI) and HTL (MHC-II) epitopes were predicted from selected Cryptococcus neoformans proteins. These epitopes were screened for antigenicity, non-toxicity, non-allergenicity, and IFN-γ induction potential using tools like VaxiJen, ToxinPred, AllerTOP, and IFNepitope. Based on this analysis, 6 CTL and 7 HTL epitopes were shortlisted for the final vaccine construct due to their strong immunogenic profiles and safety characteristics (Table 1a and Table 1b)
Table 1a. Screened MHC-I epitopes.
	Protein
	Peptide
	Allele
	Toxicity
	Allergenicity
	Antigenicity
	Immunogenicity

	Mp88
	AMAGVISVV
	HLA-A*02:03
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	STSTFQQRY
	HLA-A*30:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	SAYPPGWYI
	HLA-A*68:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	TAMAGVISV
	HLA-A*68:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	TAMAGVISV
	HLA-A*02:06
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	CDA 2
	VTEQDVTDNY
	HLA-B*44:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	TEIASSFPTI
	HLA-B*40:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	EIASSFPTI
	HLA-A*26:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	YTMSVMTMF
	HLA-B*58:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	HSP70
	EAAAATVQAK
	HLA-A*68:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	VANPIMTKF
	HLA-B*35:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	EAVANPIMTK
	HLA-A*11:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	EEISSMVLI
	HLA-B*40:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	KAVVTVPAY
	HLA-B*58:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	KAVVTVPAY
	HLA-B*57:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	GPI
	APGTGAYTL
	HLA-B*07:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	YTLSLSSLRR
	HLA-A*68:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	KHTQVQDFDW
	HLA-B*57:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	LAFGAYPSF
	HLA-B*57:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	ELAPGTGAY
	HLA-B*35:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive





Table 1b: Screened MHC-II epitopes.
	Protein
	Peptide
	Allele
	Toxicity
	Allergenicity
	Antigeicity
	Immunogenicity

	Mp88
	GSGSAAAGSTAAASS
	HLA-DQA105:01/DQB102:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	GSGSAAAGSTAAASS
	HLA-DQA101:02/DQB106:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	NQTSYARLLSLNAID
	HLA-DRB1*01:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	GNPVGGNVTTNATGS
	HLA-DQA105:01/DQB103:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	ARVIPDGVLTAVHFV
	HLA-DRB1*03:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	CDA 2
	TDEASAAASTDVNTE
	HLA-DQA103:01/DQB103:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	GQQLFATINSTLNTK
	HLA-DRB1*04:05
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	SSGSGSAAGSASTS
	HLA-DQA105:01/DQB102:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	AALLTLTAGVALAHP
	HLA-DRB1*07:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	AGYAPVTEIASSFP
	HLA-DRB1*08:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	HSP 70
	GRKFEDAAVQADMKM
	HLA-DQA103:01/DQB103:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	PDEAVAYGAAVQAAI
	HLA-DQA105:01/DQB103:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	PLIKRNITVPTKKSE
	HLA-DRB3*02:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	AVAYGAAVQAAILT G
	HLA-DRB1*09:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	AEAYLGGTVSKAVVT
	HLA-DQA105:01/DQB103:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	GPI
	RGRYASQITELESKV
	HLA-DRB1*04:05
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	RGRYASQITELESKV
	HLA-DQA105:01/DQB102:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	RGRYASQITELESKV
	HLA-DQA103:01/DQB103:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	TQEMASRLYQYNSPR
	HLA-DPA101:03/DPB104:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	FTQEMASRLYQYNSP
	HLA-DPA101:03/DPB102:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	RGRYASQITELESKV
	HLA-DPA102:01/DPB101:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	HATPNISSITASSSS
	HLA-DQA101:02/DQB106:02
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	QQFRIHSSTNTKVLL
	HLA-DRB1*07:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive

	
	PKSRFAFTKPKSSPL
	HLA-DPA102:01/DPB101:01
	Non-Toxin
	Non-Allergen
	Antigen
	Positive



3.2.2. Screening of b Epitopes:
Linear B-cell epitopes were identified using the BepiPred 2.0 tool to ensure their ability to elicit a humoral immune response. Predicted epitopes were further assessed for their immunological suitability based on key criteria including antigenicity (VaxiJen v2.0), allergenicity (AllerTOP v2.0), and toxicity (ToxinPred). Following this screening, four non-toxic, non-allergenic, and antigenic B-cell epitopes were selected for integration into the final vaccine construct, supporting its potential to stimulate effective antibody-mediated immunity. (Table 2). The list of epitopes selected for final vaccine construct is listed (Table 3).

Table 2: Screened B Cell epitopes.

	Protein
	Peptide
	Toxicity
	Allergenicity
	Antigenicity

	 Mp88
	GSDVSYEEWMNYMAYD
	Non-Toxin
	Non-Allergen
	Antigen

	CDA 2
	TPTGDWTGVNYNSSDP
	Non-Toxin
	Non-Allergen
	Antigen

	HSP70
	AVGIDLGTTYSVAVW
	Non-Toxin
	Non-Allergen
	Antigen

	GPI
	TSTSTHTHV SCLADTL
	Non-Toxin
	Non-Allergen
	Antigen













Table 3: Final Epitopes selected for Vaccine Construct.

	Category
	Epitope Sequence

	CTL Epitope
	TAMAGVISVAAY

	CTL Epitope
	VANPIMTKFAAY

	CTL Epitope
	APGTGAYTLAAY

	HTL Epitope
	NQTSYARLLSLNAIDGPGPG

	HTL Epitope
	AALLTLTAGVALAHPGPGPG

	HTL Epitope
	AEAYLGGTVSKAVVTGPGPG

	HTL Epitope
	TQEMASRLYQYNSPR

	B Cell Epitope
	TSTSTHTVSCLADTLKK

	B Cell Epitope
	AVGIDLGTTYSVAVW




3.2.3. Population coverage by CTL and HTL epitopes:


The population coverage by CTL and HTL epitopes as measured by IEDB (Figure1)
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Figure 1: MHC 1 and MHC 2 combined population coverage

3.3. Vaccine construct design:
The final multi-epitope vaccine construct was designed by integrating selected CTL HTL, and B-cell epitopes, linked with immune-enhancing components to ensure optimal processing and presentation. (Figure 2)
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Figure 2: Vaccine construct Design


3.3.1. Immunological and physicochemical properties:
ProtParam analysis revealed that the vaccine construct contains 360 amino acids with a molecular weight of 37.39 kDa and a pI of 9.25. It is predicted to be stable (instability index: 25.81), thermostable (aliphatic index: 73.11), and hydrophilic (GRAVY: –0.138). The construct shows high solubility and favorable half-life predictions across mammalian, yeast, and E. coli systems, supporting its potential for expression and stability. (Table 4).

Table 4: Physiochemical properties of Vaccine Construct

	Property
	Value

	Number of amino acids
	360

	Molecular weight
	37,398.42 Da

	Theoretical pI (Isoelectric Point)
	9.25

	Total number of atoms
	5237

	Molecular formula
	C₁₆₅₄H₂₆₀₈N₄₅₄O₅₀₈S₁₃

	Negatively charged residues (Asp + Glu)
	23

	Positively charged residues (Arg + Lys)
	36

	Instability index (II)
	25.81 (Stable)

	Aliphatic index
	73.11

	GRAVY (Hydropathicity index)
	–0.138 (Hydrophilic)

	Extinction coefficient (Cys oxidized)
	58260 M⁻¹cm⁻¹

	Extinction coefficient (Cys reduced)
	57760 M⁻¹cm⁻¹

	Abs 0.1% (Cys oxidized)
	1.558

	Abs 0.1% (Cys reduced)
	1.544

	Estimated half-life in mammalian cells
	30 hours (in vitro)

	Estimated half-life in yeast
	>20 hours (in vivo)

	Estimated half-life in E. coli
	>10 hours (in vivo)



3.3.2. Solubility of vaccine construct:
Solubility of the vaccine construct in E. coli was 0.856 as measured by SOLUprot. (Figure 3)
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Figure 3: Solubility score of vaccine construct in E. coli by SOLUprot

3.4. SECONDARY STRUCTURE PREDICTION
The secondary structure of the final vaccine construct was analysed using the PSIPRED server. The prediction revealed a well-balanced composition of α-helices, β-strands, and random coils, indicating a stable and properly folded protein (Figure 4a, Figure 4b).
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Figure 4a: Secondary Structure Prediction of Vaccine Construct by PSI-PRED
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Figure4b: Secondary Structure Prediction Cartoonic Representation by PSI-PRED
3.5. 3D STRUCTURE MODELLING AND VALIDATION:

3.5.1. 3DSTRUCTRE MODELLING.
The three-dimensional structure of the final multi-epitope vaccine construct was initially predicted using AlphaFold, which provided a high-confidence structural model. To enhance the quality of the predicted structure, it was refined using the GalaxyRefine server, which improves side-chain conformations and overall structural packing. (Figure 5a, Figure 5b)
.
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Figure 5a:3D Structure of Vaccine Construct Predicted by AlphaFold
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Figure 5b: Refined Structure of Vaccine Construct by Galaxy Refine
3.5.2. 3D STRUCTURE VALIDATION:
The refined model was evaluated using multiple structural validation tools:

PROCHECK (Ramachandran Plot):
87.7% of residues were located in the most favored regions, with only 0.3% in disallowed regions, indicating good stereochemical quality. (Figure 5c)

ProSA-web:
The model achieved a Z-score of –3.54, which falls within the acceptable range for native protein structures, confirming the overall correctness of the model. (Figure 5c)

ERRAT:
The model scored an overall quality factor of 86.76, suggesting reliable non-bonded atomic interactions and a well-resolved structure. (Figure 5d)
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Figure 5c: Structure Validation by Procheck and ProSA
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Figure 5d: Structure Validation by ERRAT

3.6. Molecular Docking:
Molecular docking of the refined vaccine construct with the TLR4 immune receptor was performed using the HADDOCK 2.4 server (Figure 6). Among the generated clusters, the best docking solution was selected based on key interaction parameters.
The selected cluster exhibited a HADDOCK score of –89.8 ± 2.9, indicating a strong and stable interaction (well below the –60 threshold). The interaction was supported by a high electrostatic energy (–375.4 ± 55.8) and favorable van der Waals energy (–32.9 ± 6.1), reflecting good shape complementarity and polar interactions. (Table 5)
The buried surface area of 1789.9 Å² further supported strong complex formation. Although the restraints violation was relatively high (191.9 ± 30.8), the overall Z-score of –1.4 confirmed the reliability of the docking pose.




Table 5: Best Cluster Properties of Docked Proteins by HADDOCK

	Metric
	Value
	Interpretation

	HADDOCK Score
	–89.8 ± 2.9
	Very good. Well below the –60 threshold typically considered strong binding.

	Electrostatic Energy
	–375.4 ± 55.8
	Strong electrostatic interactions (critical for immunogenic proteins).

	van der Waals Energy
	–32.9 ± 6.1
	Acceptable; good shape complementarity.

	Desolvation Energy
	–1.1 ± 4.3
	Slightly low; acceptable but might reflect limited hydrophobic burial.

	Restraints Violation
	191.9 ± 30.8
	On the higher side — could mean moderate violation of distance restraints.

	Buried Surface Area
	1789.9 Å² ± 94.9
	Very good — above 1400 Å² is typically favourable for protein–protein docking.

	Z-Score
	–1.4
	Solid — the more negative, the better (Z < –1 is considered meaningful).



[image: ]
Figure 6: Visualized Structure of docked MEV and tlr-4 by Discovery Studio

3.7. PROTEIN- PROTEIN INTERACTIONS:
To gain deeper insight into the molecular interactions between the multi-epitope vaccine (MEV) and TLR4, the PDBsum server was used to analyze the docked complex.
The interaction interface revealed several hydrogen bonds, salt bridges, and non-bonded contacts between the MEV and TLR4, suggesting strong molecular recognition and stability of the complex. The PDBsum interaction map provided a detailed schematic of contacting residues, highlighting the binding hotspots essential for receptor engagement. (Figure 7). This interaction analysis supports the docking results and confirms that the MEV construct has a strong binding affinity for the TLR4 immune receptor, which is critical for initiating an effective innate immune response.
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Figure 7: Protein-protein interaction between MEV and Tlr 4 from PDBsum

3.8. MD Simulations Analysis:

A 100 ns molecular dynamics simulation was performed to evaluate the stability, flexibility, and compactness of the MEV–TLR4 complex.
· RMSD analysis showed initial adjustment followed by stabilization around 1.0 nm, indicating conformational stability. (Figure 8a).
· RMSF revealed moderate fluctuations across residues, with minor peaks above 1.5 nm, typically at loop or terminal regions — suggesting localized flexibility. (Figure 8b)
· The Radius of Gyration (Rg) remained consistent between 4.2–4.4 nm, confirming structural compactness throughout the simulation. (Figure 8c)
· Solvent Accessible Surface Area values gradually decreased from ~550 nm² to ~470 nm², indicating reduced solvent exposure and tighter molecular packing. (Figure 8d).
These findings demonstrate that the vaccine construct maintains a stable and compact conformation, with sufficient flexibility in accessible regions — favorable for immune recognition and receptor binding.
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Figure 8a: Root Mean Square Fluctuation (RMSF) of Residue Flexibility in Vaccine Construct
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Figure 8b: Backbone RMSD Profile Showing Structural Stability Over 100 ns Simulation
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Figure 8c: Radius of Gyration Depicting Compactness of Vaccine Construct Over Time 

3.9. Codon Optimization and In Silico Cloning:
To enhance expression efficiency in Escherichia coli (strain K12), the codon sequence of the final vaccine construct was optimized using the JCAT server. The optimized sequence achieved a Codon Adaptation Index (CAI) of 1.0 and a GC content of 51.67%, both of which fall within the ideal range for efficient transcription and translation in E. coli. The relative adaptiveness plot confirmed uniform codon usage, indicating successful adaptation (Figure 9a).
The optimized nucleotide sequence was then cloned in silico into the pET28a (+) expression vector using Snap Gene software (Figure 9b), positioned between NdeI and XhoI restriction sites. This construct is suitable for high-level recombinant expression and purification in bacterial systems.
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Figure 9a: Optimization of MEV codons according to E. coli (strain K12) by JCAT sever.
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   Figure 9b: Vaccine Cloned into the vector (Pet 28a+ and MEV).

4. discussion
Cryptococcal meningitis is primarily caused by Cryptococcus neoformans. It is a life-threatening opportunistic fungal infection, particularly among immunocompromised populations found worldwide [36, 38, 39].  Despite the available antifungal therapies, treatment is frequently complicated due to drug toxicity, pharmacokinetic interactions, prolonged treatment duration, and high mortality rates, proving the need for improved preventive strategies [40, 41, 42].  Vaccine development against C. neoformans has therefore been proposed as a promising approach, and recent advances in reverse vaccinology and immunoinformatics provide powerful tools for identifying vaccine antigens [43, 44, 45, 46]. 
In this study, a multi-epitope subunit vaccine candidate was designed using different proteins. Immunodominant proteins of C. neoformans that include mannoprotein MP88 and other cell-wall-associated proteins known to stimulate host immune responses were selected based on literature and their antigenic properties [48, 49, 50].  Epitope prediction for B-cells, CTLs, and HTLs was performed using tools such as IEDB, which are widely used in standard epitope-based vaccine design [52, 53, 54].  The epitopes were further screened for immunogenicity, allergenicity, toxicity, and cytokine-induction potential to improve vaccine safety and efficacy profiles.
A total of 6 CTL, 7 HTL, and 4 B-cell epitopes were shortlisted and finally assembled into a 687-amino-acid construct using suitable linkers (AAY, GPGPG, KK) and an immunostimulatory β-defensin adjuvant. PADRE was included to overcome HLA-DR polymorphism limitations; it is a strategy commonly applied in multi-epitope vaccine design [56, 57].  Physicochemical analysis indicated that the construct is stable, soluble, hydrophilic, and suitable for bacterial expression.
Structural modelling was done using AlphaFold [26], refinement with GalaxyRefine [27], and validation was done through PROCHECK [28], ERRAT [29], and ProSA [30] which indicated a good stereochemical quality and favorable folding characteristics. Molecular docking with TLR4 using HADDOCK [31] suggested strong binding affinity supported by favorable electrostatic and van der Waals energy scores and substantial buried surface area. MD simulations with GROMACS [33] further demonstrated dynamic stability of the MEV–TLR4 complex, with RMSD, RMSF, radius of gyration, and SASA analyses indicating structural stability and flexibility. Codon optimization using JCAT [34] gave a CAI value of 1.0 and 51.67% GC content, which suggests an efficient expression in E. coli, and in silico cloning into the pET28a(+) vector confirmed via SnapGene [35] completed the construct design.
Overall, this study demonstrates an immunoinformatics-based pipeline for designing a potentially safe, stable, and immunogenic vaccine construct against cryptococcal meningitis, targeting fatal proteins from the cryptococcal species supporting the feasibility of computational vaccine discovery strategies for fungal pathogens.
5. Conclusion

This project highlights the effective application of immunoinformatics in designing a safe and immunogenic multi-epitope vaccine candidate against Cryptococcus neoformans. The construct integrates epitopes capable of stimulating both cellular and humoral immunity, supported by favorable docking and simulation results.
The designed construct not only satisfies all key physicochemical and immunological parameters but also demonstrates robust receptor binding and stability under dynamic conditions. The inclusion of a β-defensin adjuvant, PADRE sequence, and epitope linkers improves immune accessibility and presentation. Structural validations confirm that the model is suitable for downstream experimental and clinical testing.
Furthermore, codon optimization and in silico cloning show that the construct is well-suited for bacterial expression systems such as E. coli, enhancing its viability for production and testing. Overall, this study delivers a computationally validated vaccine prototype with the potential to significantly advance the field of antifungal vaccine development. While in silico findings are highly promising, further in vitro and in vivo validation is essential to determine its protective efficacy and safety profile in real-world biological systems.
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