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Abstract 

Background: Candida tropicalis causes tropical invasive fungal infections, with a high mortality. This fungus has been 
found to be resistant to antifungal classes such as azoles, echinocandins, and polyenes in several studies. As a result, it 
is vital to identify novel approaches to prevent and treat C. tropicalis infections. In this study, an in silico technique was 
utilized to deduce and evaluate a powerful multivalent epitope‑based vaccine against C. tropicalis, which targets the 
secreted aspartic protease 2 (SAP2) protein. This protein is implicated in virulence and host invasion.

Results: By focusing on the Sap2 protein, 11 highly antigenic, non‑allergic, non‑toxic, and conserved epitopes were 
identified. These were subsequently paired with RS09 and flagellin adjuvants, as well as a pan HLA DR‑binding epitope 
(PADRE) sequence to create a vaccine candidate that elicited both cell‑mediated and humoral immune responses. It 
was projected that the vaccine design would be soluble, stable, antigenic, and non‑allergic. Ramachandran plot analy‑
sis was applied to validate the vaccine construct’s 3‑dimensional model. The vaccine construct was tested (at 100 ns) 
using molecular docking and molecular dynamics simulations, which demonstrated that it can stably connect with 
MHC‑I and Toll‑like receptor molecules. Based on in silico studies, we have shown that the vaccine construct can be 
expressed in E. coli. We surmise that the vaccine design is unrelated to any human proteins, indicating that it is safe to 
use.

Conclusions: The vaccine design looks to be an effective option for preventing C. tropicalis infections, based on the 
outcomes of the studies. A fungal vaccine can be proposed as prophylactic medicine and could provide initial protec‑
tion as sometimes diagnosis of infection could be challenging. However, more in vitro and in vivo research is needed 
to prove the efficacy and safety of the proposed vaccine design.
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Background
Infections caused by fungi are on the rise all over the 
world [1]. The number of people who are susceptible to 
fungal infections is growing, especially among the elderly 
and those who are immunocompromised [2]. Fungal 

infections are expected to impact more than 1 billion 
individuals worldwide each year [3]. The majority of these 
infections are superficial and easy to treat, but roughly 
150 million cases might be serious or life-threatening 
to individuals [4]. Every year, invasive fungal infections 
kill over a million people around the world [5]. Human 
fungal diseases are also a major cause of socio-economic 
burden. So far, several billion dollars have been utilized in 
combatting fungal infections or their associated comor-
bidities [6]. Dissatisfactory outcomes and adverse effects 
of commonly utilized antifungal medicines increase the 
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public health concern posed by fungal infections [5]. The 
emergence of resistance to important antifungal medica-
tion classes in numerous species of human fungal dis-
eases belonging to genera such as Candida, Aspergillus, 
and Cryptococcus is another cause for concern [7–9]. As 
a result, new methods for treating fungal infections are 
needed. Vaccine development could be one of the strat-
egies for combating harmful human fungal illnesses. 
Although in mouse models, various vaccine constructs 
have shown protection against different pathogenic fungi, 
no vaccine has been approved against fungal infections 
so far in spite of the grave public health threat posed by 
the fungal infections [10]. The major limitations in devel-
oping vaccines against fungi are diverse infection sites in 
hosts, intraspecies and interspecies antigenic variations, 
difficulty in translation from animal models to humans, 
and lack of commercial interests [10]. Furthermore, 
the individuals with a high risk of fungal infections are 
immunocompromised; hence, these individuals are less 
likely to respond to subunit or inactivated whole organ-
ism vaccination because of their debilitated immune 
status [11]. Hence, it is necessary to look for alternative 
strategies to develop safe and effective vaccines against 
fungal infections.

Using in silico approaches, the secreted aspartic pro-
tease 2 (SAP2) protein of C. tropicalis is targeted for 
creating a safe and effective vaccination. It is considered 
to be the second most virulent and third most preva-
lent Candida species worldwide especially in Asia and 
South America [12]. C. tropicalis mostly infects patients 
admitted in intensive care units and those suffering from 
neutropenia [13]. The high mortality rate of C. tropicalis 
infections is one of the key concerns. According to vari-
ous research, C. tropicalis infections have a death rate of 
more than 40%, most of which are owing to predisposing 
factors and resistance to the existing drugs [14, 15]. Dif-
ferent studies have reported the emergence of antifungal 
drug resistance to drugs such as caspofungin, ampho-
tericin B, and fluconazole in various clinical isolates 
[16–18]. In a study in Iran, 64 C. tropicalis bloodstream 
isolates were obtained and they were found to be resist-
ant to itraconazole (2/64), micafungin (2/64), flucona-
zole (4/64), voriconazole (7/64), pan-azole (1/64), and 
fluconazole + voriconazole (2/64) treatment [19]. The 
study also reported a very high mortality rate of 60% sug-
gesting a possible role of antifungal drug resistance in a 
high mortality rate of patients infected with C. tropicalis 
[19]. Furthermore, the emergence of drug resistance in C. 
tropicalis poses a higher risk of clinical infections, poor 
clinical outcomes for patients such as prolonged stay 
at hospital and mortality [9]. Emergence of drug resist-
ance is associated with high morbidity and mortality in 
patients suffering from fungal infections [20]. Because 

of its high mortality rate and the evolution of antifungal 
medication resistance, C. tropicalis infections constitute 
a severe concern to public health. As a result, innovative 
medicines to manage and treat C. tropicalis infections are 
critical.

The secreted aspartic protease (SAP) gene family con-
sists of 10 isoenzymes (SAP1-10) [21]. These SAP pro-
teins are extremely virulent, aiding in the infection of 
both humans and animals [22]. They break down various 
cell proteins, disintegrate cell membranes, and destroy 
the host extracellular matrix, assisting the fungi in pen-
etrating the host [21, 22]. They are also responsible for 
phenotypic switching, hypha formation, and adherence to 
host cells [22]. SAP2 protein specifically helps in evading 
host complement system attack, causes tissue damage, 
modifies cytokine response, and induces inflammatory 
response [23–26]. Sap2p has been previously targeted for 
developing a vaccine against Candida. According to Ber-
nardis et al., intranasal and intravaginal immunization of 
rat candida vaginitis models with SAP preparations that 
largely consisted of Sap2p promoted the release of anti-
SAP antibodies and offered protection against fungus 
infection [27]. In mouse vaginitis models, the recombi-
nant vaccines PEV7 and rSap2t, both made of Sap2p, have 
also been demonstrated to induce an immune response 
and protective effects [28, 29]. A hybrid phage vaccine 
displaying SLAQVKYTSASSI epitope and recombinant 
Sap2p-induced potent humoral and cell-mediated immu-
nity against C. albicans in mouse models [30]. The Sap2p 
has been evaluated as possible vaccine candidates against 
other Candida species also. Immunization of C. tropica-
lis-infected mice with recombinant Sap2p obtained from 
C. parapsilosis increased anti-Sap2 antibody production 
and the survival of infected mice [31]. SAP2 protein has 
been demonstrated to confer immunization against fun-
gal infections in a variety of species; therefore, it could be 
a promising option for developing fungal infection vac-
cines. As per our understanding, no in silico approach 
has been used to study Sap2p as a target for developing 
a C. tropicalis multi-epitope peptide vaccine construct. 
Hence, this study aims to develop a novel and effective 
vaccine candidate against C. tropicalis by targeting the 
SAP2 protein using computational techniques. We have 
previously demonstrated the success of the same pro-
cedure in creating a vaccine candidate against the fast-
evolving and highly pathogenic C. auris utilizing an in 
silico approach [32].

The Sap2p of C. tropicalis was analyzed using differ-
ent webservers to anticipate various highly antigenic 
and safe B cell and T cell epitopes. To create the final 
vaccine design, the highly antigenic and safe epitopes 
were connected with two adjuvants, RS09 and flagellin 
protein, using a GGS linker. The final vaccine design’s 
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physiochemical characteristics, antigenicity, solubil-
ity, and allergenicity were all analyzed. The vaccine con-
struct’s secondary and tertiary structure was predicted 
next, followed by a Ramachandran plot to validate the 
vaccine construct’s 3D model. The vaccine’s ability to 
bind with Toll-like receptor (TLR) and major histocom-
patibility complex (MHC) molecules was predicted using 
molecular docking and molecular dynamics simulation. 
Finally, an in silico cloning experiment was carried out to 
confirm the vaccine construct’s capacity to be cloned in a 
vector suitable for commercial manufacturing on a wide 
scale. We believe that the present study can be employed 
by other researchers working on developing novel strate-
gies to control C. tropicalis infections.

Methods
Protein sequence retrieval and analysis
Sap2p protein sequence of C. tropicalis (protein ID: 
AAD33216.1_1) was retrieved from European Nucleotide 
Archive. The Sap2p subcellular localization was deter-
mined using the CELLO2GO [33]. To determine the sub-
cellular localization of the query proteins, this webserver 
uses a combination of BLAST homology searches and 
CELLO localization algorithms [33]. The CELLO2GO 
was used in this study because it can predict the subcel-
lular localization of proteins with high accuracy (98.4% 
for the archaeal sequences, 99.1% for the Gram-negative 
bacterial, and 99.4% for the Gram-positive bacterial). 
Furthermore, it can predict the subcellular localiza-
tion of proteins even when the homologs have not been 
predicted by BLAST or gene ontology annotations are 
less in number [33]. The localization of protein was also 
performed with WoLF PSORT (an updated version of 
PSORT II that predicts the subcellular localization of 
eukaryotic proteins) to improve the accuracy of the sub-
cellular localization prediction [34]. Furthermore, a good 
vaccine candidate should trigger a significant immune 
response against the disease. Hence, the protein’s anti-
genicity was predicted via the Vaxijen 2.0 website [35]. 
Vaxijen was used because it uses an alignment-free 
approach based on auto-cross-covariance (ACC) trans-
formation of protein sequences into uniform vectors 
of principal amino acid properties and can predict the 
antigenic peptides with the accuracy of 70–89% [35]. A 
fungal protein must have a Vaxijen score of 0.5 to be anti-
genic. To determine fungal, viral, bacterial, and tumor 
antigenic proteins, this server uses an auto-cross-covar-
iance technique. Using the NCBI-BLASTp program, the 
homology and conservancy of Sap2p were assessed [36].

Prediction of T and B cell epitopes
The NETMHC 2.3 website was used to predict T helper 
cell epitopes that might bind to MHC class II molecules 

[37]. The webserver utilizes an artificial neural net-
work (ANN). The NETMHC 2.3 webserver was used 
because in previous studies where different tools for 
predicting peptides binding to MHC were compared, it 
was found to be better than other tools such as Pick-
Pocket, PRPPRED, MULTIPRED, ADT, and KISS [37–
39]. T-cytotoxic cell epitopes that might bind to MHC 
class I molecules and elicit a cellular immune response 
were predicted using the NETMHC 4.0 website [40]. 
This server uses a machine learning method and pre-
dicts epitopes that may interact with different animal 
and human MHC class I alleles with 98% specificity 
[40]. HLA alleles DRB1_0101, DRB1_0301, DRB1_0401, 
DRB1_0701, DRB1_0801, DRB1_0901, DRB1_1001, 
DRB1_1101, DRB1_1201, DRB1_1301, DRB1_1501, and 
DRB1_1602 were selected while predicting T helper 
cell epitopes. HLA alleles HLA-A0101, HLA A0201, 
HLA-A0301, HLA-A2402, HLA-A260, HLA-B0702, 
HLA-B0801, HLA-B2705, HLA-B3901, HLA-B4001, 
and HLA-B5801 HLA were selected while predict-
ing the T cytotoxic cell epitopes. Multiple linear B cell 
epitopes were predicted using the IEDB B cell epitope 
prediction website’s Bepipred linear epitope prediction 
2.0 approach [41].

Determination of the predicted epitopes’ toxicity, 
antigenicity, allergic potential, and interferon‑γ activating 
potential
The epitopes that are non-allergic, non-toxic, and highly 
antigenic can aid in the development of an effective and 
safe vaccine [42, 43]. The ToxinPred web service was used 
to determine the toxicity of the proposed B and T cell 
epitopes, which uses a support vector machine (SVM)-
based approach to predict peptide toxicity [44]. The Tox-
inPred webserver was used because it can predict the 
toxicity of peptides with 94.5% accuracy [44]. Vaxijen 2.0 
website was used to determine the antigenic properties 
of the epitopes [35]. This webserver predicts if the bac-
terial, fungal, viral, and tumor peptides are antigenic or 
not by evaluating various physiochemical properties of 
the proteins using an auto-cross-covariance method [35]. 
The AllergenFP version 1.0 webserver which applies the 
Tanimoto coefficient was used to predict if the epitopes 
are allergic or not [45]. The AllergenFP webserver was 
used because in comparison with different tools such as 
AlgPred, AllerTOP, AllerHunter, and APPEL, AllernFP 
was found to be most accurate in identifying both aller-
gens and non-allergens [45]. The capacity of epitopes 
to trigger interferon production was tested using the 
IFNepitope online tool. This online application employs 
machine learning to design and forecast peptides that 
could activate interferon-γ [46].
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Epitope conservancy analysis
IEDB Epitope Conservancy Tool projected epitope con-
servancy among distinct C. tropicalis strains. The pre-
dicted epitopes’ conservation was tested in Sap2p of C. 
tropicalis strains ZRCT61, ZRCT01, and ZRCT54. The 
Sap2p of the ZRCT61, ZRCT01, and ZRCT54 strains has 
the accession numbers AXK68742.1, AXK68682.1, and 
AXK68735.1, respectively. The selection of epitopes that 
are conserved among different C. tropicalis strains will 
help to overcome limitations posed by antigenic shift and 
antigenic drifts. The epitopes that were 100% conserved 
(the sequence identity of the epitopes had a 100% match) 
among these C. tropicalis strains were chosen for further 
investigation as they have less probability of future muta-
tions [47].

Designing the vaccine construct and determining its 
physiochemical properties
For vaccination against C. tropicalis, epitopes that were 
discovered to be conserved, non-toxic, highly antigenic, 
non-allergic, and capable of triggering interferon pro-
duction were chosen. RS09 (APPHALS) and the N and 
C terminals of Salmonella dublin flagellin protein were 
employed as adjuvants in the final vaccination (UNI-
PROT ID: Q06971). These adjuvants, in combination 
with the PADRE sequence, were previously employed in 
the development of epitope-based vaccines against den-
gue virus, human cytomegalovirus, and Candida auris 
[27, 47]. The PADRE sequence contributes to the vaccine 
construct’s stability [48]. Finally, the GGS linker sequence 
was used to connect all of the detected epitopes, adju-
vants, and PADRE sequences. The ProtParam (ExPASy) 
web service was used to evaluate the vaccine design’s 
physiochemical characteristics [49].

This website aids in the prediction of several properties 
of query proteins, including isoelectric point, number of 
amino acids, stability, amount of positively and negatively 
charged amino acids, molecular weight, half-life, extinc-
tion coefficient, aliphatic index, and other features [49]. 
For the prediction of surface accessible amino acids in 
the final vaccine candidate sequence, NetSurfP 2.0 web-
server available at https:// servi ces. healt htech. dtu. dk/ 
servi ce. php? NetSu rfP-2.0 was used. The candidate vac-
cine sequence in FASTA format was provided as input. 
This server uses an artificial neural network trained 
using various experimentally determined protein struc-
tures to determine whether the amino acids are buried 
or exposed residues [50]. The final vaccine construct’s 
solubility was assessed using the Solpro online program 
[51]. After being expressed in E. coli, this online program 
predicts the solubility of proteins with a 74% accuracy 
[51]. Using the Vaxijen 2.0 and the AllergenFP version 1.0 

webserver, the antigenicity and allergenicity of the final 
C. tropicalis vaccine design were predicted [35, 45].

Prediction of the final vaccine’s structure
PSIPRED was used to predict the vaccine’s secondary 
structure. This method uses feed-forward neural net-
works to predict various protein secondary structure 
properties such as coils, alpha helices, and beta sheets 
[52]. The 3D model of the final vaccination was created 
using the I-Tasser website, which combines iterative tem-
plate-based fragment assembly simulations and different 
threading algorithms to predict protein tertiary struc-
ture [53]. The I-Tasser webserver was used because it has 
been highly ranked by the Critical Assessment of Tech-
niques for Protein Structure Prediction (CASP), a com-
munity-wide experiment for testing the state-of-the-art 
of protein structure predictions [53]. The PROCHECK 
was then utilized to verify the proposed final vaccine 
construct’s tertiary structure. This server helps to make 
a Ramachandran plot, which can be used to assess the 
quality of a query protein’s predicted 3D model [54]. The 
PDB file of the 3D model of protein predicted by I-Tasser 
was used as input.

Molecular docking of the vaccine construct with HLA 
and TLR molecules
The online protein–protein docking service ClusPro 2.0 
was used to dock the final vaccine design with the Toll-
like receptor TLR5 molecule and MHCII HLA DRB 
0101 [55]. The ClusPro webserver was used because it 
has been ranked ahead of other docking tools like HAD-
DOCK, SWARMDOCK, and GRAMM-X by CAPRI 
(Critical Assessment of Predicted Interactions) evalu-
ation meetings [55]. The PDB ID for TLR 5 and HLA 
DRB_0101 molecules are 3J0A and 4AH2, respectively. 
By identifying the centers of densely populated clusters of 
low-energy docked structures, the ClusPro website gen-
erates ten models of docked complexes [55].

Molecular simulation studies
Protein structure and related information were pro-
cured from the RCSB database available at (https:// 
www. rcsb. org/) [56]. For the prediction of the possible 
active site of protein receptors, the CASTp website was 
employed [57]. In the CASTp webserver, the PDB ID of 
the receptors TLR5A (PDB: 3J0A) and HLA DR1 (PDB: 
4AH2) receptors were utilized as input. After the output 
were obtained, the “show pockets” option was clicked 
and the pocket ID with the most volume was selected. 
After selecting the pocket with the highest volume, the 
“update” button was clicked which then showed the 
active site residues of the receptors. GROMACS 2020.1 
was used to do molecular dynamics (MD) simulations 

https://services.healthtech.dtu.dk/service.php?NetSurfP-2.0
https://services.healthtech.dtu.dk/service.php?NetSurfP-2.0
https://www.rcsb.org/
https://www.rcsb.org/
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of the best-docked conformation with the most negative 
energy [58]. Protein–protein elements make up the simu-
lation system. The CHARMM36 force field was used to 
do all of the MD simulations. The topology was created 
using the official CHARMM General Force Field server 
(CGenFF). The protein–protein complex was encased 
in a triclinic box, which was then solvated with water 
model SPC216. 16 NA + ions were used to neutralize the 
system. Position restraint was used after energy mini-
mization, followed by NVT and NPT equilibrium. NVT 
(constant number of particles, volume, and temperature) 
was performed on protein–protein and water-ion cou-
pling groups at 300  K and 0.1  ps coupling constant for 
100 ps, whereas NPT (constant number of particles, vol-
ume, and temperature) was performed on protein–pro-
tein and water-ion coupling groups at 300  K and 0.1  ps 
coupling constant for 100 ps.

In silico cloning and codon use adaption parameters
The JCat website was used to optimize the codons of the 
final vaccine construction gene for expression in E. coli 
K12 strain to ensure effective cloning and expression of 
the vaccine construct [59]. As stated by Hasan et al., rho-
independent transcription terminators, bacterial riboso-
mal binding sites, and cleavage sites of various restriction 
enzymes were eliminated during the codon optimization 
of the vaccine design [48]. Finally, in silico cloning was 
performed using the SnapGene restriction cloning mod-
ule. During in silico cloning, the codon-optimized vac-
cine construct’s sequence was sandwiched between the 
pET28a( +) vector’s XhoI (158) and EcoRI (192) restric-
tion sites.

Results
Retrieval and analysis of the protein sequence
The Sap2p was subjected to a protein BLAST analysis 
to determine its similarity with diverse human proteins. 
Sap2p has fewer than 30% homology with human pro-
teins, according to the findings (Supplementary Table 
S4). The CELLO2GO server identified the protein as an 
extracellular or plasma membrane protein. The WoLF 
PSORT tool also predicted the protein as extracellular. 
The protein was predicted to be antigenic by the Vaxijen 
server (Vaxijen score: 0.8735). These findings suggested 
that the SAP2 protein could be a good target for vaccine 
development.

T cell and B cell epitope prediction
Altogether, 53  T helper cell epitopes were predicted as 
strong binders to the selected HLA alleles. The predicted 
strong binder T helper cell epitopes have been listed 
in Supplementary Table S1. Similarly, 45  T cytotoxic 
epitopes were predicted as strong binders. The predicted 

strong binder T cytotoxic cell epitopes have been listed 
in Supplementary Table S2. The peptides that were pre-
dicted as weak binders were not considered for further 
analysis. Thirteen linear B cell epitopes were predicted 
out of which only six were selected for further analysis as 
they had 9 or more residues. In Supplementary Table S3, 
the selected B cell epitopes predicted from SAP2 protein 
are listed.

Determination of the anticipated epitopes’ toxicity, 
antigenicity, and allergic potential
Conservancy, toxicity, antigenicity, allergenicity, and 
interferon-activation ability were all evaluated for the 
anticipated epitopes. Supplementary Tables S1, S2, and 
S3 detail the attributes of T helper, T cytotoxic, and B 
cell epitopes, respectively. Epitopes with a Vaxijen score 
greater than 1.1 were chosen for additional investiga-
tion because they are thought to be particularly antigenic 
[60, 61]. Antigenic, non-allergic, and non-toxic epitopes 
were found, and additional examination with the Epitope 
Conservancy Tool revealed that 11 of the 14 epitopes 
analyzed were conserved among the C. tropicalis strains. 
Three of the 11 epitopes were thought to have the capac-
ity to activate interferons. The 11 conserved epitopes are 
included in Table 1 along with their antigenicity, allergic 
potential, toxicity, and ability to activate interferon.

Designing the vaccine construct and determining its 
physiochemical properties
The 11 conserved epitopes were employed in vaccine 
development because they were highly antigenic, non-
toxic, and non-allergic. Adjuvants RS09 (APPHALS) 
and Salmonella dublin flagellin protein along with the 
selected epitopes and PADRE sequence (AKFVAAW-
TLKAAA) were linked together by a GGS linker to 
design the final vaccine construct. The map of the final 
vaccine construct is shown in Fig. 1 which was made by 
Illustrator for Biological Sequences web server [62]. The 
amino acid sequence of the complete vaccine construct 
is MAQVINTNSLSLLTQNNLNKSQSALGTAIERLSS-
GLRINSAKDDAAGQAIANRFTANIKGLTQASR-
NANDGISIAQTTEGALNEINNNLQRVRELAVQSAN-
STNSQSDLDSIQAEITQRLNEIDRVSGQTQFNG-
VKVLAQDNTGGSAPPHALSGGSYNRPIGAYIGG-
SAKFVAAWTLKAAAGGSSFTIQTNSATGGSGEF-
TIQTNSAGGSILYGENFNIGGSAKFVAAWTLKAAA-
GGSQELGKSFNIGGSGLMGNFFDKGGSAKFVAAW-
TLKAAAGGSKYTGSLTTLGGSDTVGINGAIGGSAK-
FVAAWTLKAAAGGSLPLTSNREFGGSAKYTGSLT-
TLGGSIGGDITYNRPIGAYIWSCNRNGKGGSAK-
FVAAWTLKAAAGGSLGNTVNNLTSARSRIEDS-
DYATEVSNMSRAQILQQAGTSVLAQANQVPQN-
VLSLLR. The vaccine construct’s instability index score 
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was projected by the ExPASy ProtParam online service 
to be 29.17, implying that the vaccine construct is sta-
ble, and the negative GRAVY score (− 0.166) implying 
that the vaccine construct is hydrophilic [49]. Using the 
Solpro web server, the vaccine construct was also deter-
mined to be soluble following expression in E. coli [35]. 
The vaccine construct’s various physicochemical proper-
ties are listed in Table 2. The relative surface accessibility 
of the amino acid residues in the epitope of the designed 
vaccine candidate as predicted by NetSurfP 2.0 is pro-
vided in Supplementary Table S5. In the two epitopes 
LPLTSNREF and DTVGINGAI, all of the residues were 
exposed while in other epitopes the residues were mixed 
consisting of both exposed and buried residues.

Structure prediction of the final vaccine construct and its 
validation
The presence of all three types of secondary structure 
elements was predicted by the PSIPRED webserver’s 
secondary structure prediction: helix, coils, and strands 
(Fig. 2). Figure 3 depicts the tertiary structure of the final 
vaccine construct predicted by the I-Tasser server. The 
vaccine construct’s estimated 3D model has a C-score 
of 0.19. The RMSD value of the best model predicted by 
I-Tasser is 6.6 ± 4.0. The PROCHECK server validates 

protein structure in terms of energetically allowed and 
disallowed dihedral angles psi (ψ) and phi (φ) of amino 
acid. Out of all the residues, 83.6% of residues were in 
the most favored regions, 15% residues in the additional 
allowed region, and 0.8% residues were in the generously 

Table 1 List of final epitopes selected for vaccine engineering along with their properties

Epitope type Epitope sequence Vaxijen score Antigenic/non‑
antigenic

Allergic/non‑allergic Toxin Interferon‑γ 
activation 
ability

T helper YNRPIGAYI 3.0712 Antigenic Non‑allergic Non‑toxin Yes

T helper FTIQTNSAT 2.1036 Antigenic Non‑allergic Non‑toxin No

T helper EFTIQTNSA 2.1227 Antigenic Non‑allergic Non‑toxin No

T helper ILYGENFNI 4.2936 Antigenic Non‑allergic Non‑toxin No

T cytotoxic QELGKSFNI 4.9939 Antigenic Non‑allergic Non‑toxin Yes

T cytotoxic GLMGNFFDK 1.7030 Antigenic Non‑allergic Non‑toxin Yes

T cytotoxic KYTGSLTTL 2.3614 Antigenic Non‑allergic Non‑toxin No

T cytotoxic DTVGINGAI 1.9910 Antigenic Non‑allergic Non‑toxin No

T cytotoxic LPLTSNREF 2.7926 Antigenic Non‑allergic Non‑toxin No

B cell AKYTGSLTTL 2.0617 Antigenic Non‑allergic Non‑toxin No

B cell IGGDITYNRPIGAYIWSCNRNGK 2.1725 Antigenic Non‑allergic Non‑toxin No

Fig. 1 Map of the vaccine construct: E1 to E11 are the selected epitopes. L is a GGS linker. Flagellin head and tail are shown at the N and C terminal 
ends. RS09 and PADRE sequence are placed in between E1 and E11

Table 2 Physiochemical properties of the C. tropicalis vaccine 
construct

Molecular weight 44,915.80

Antigenicity (Vaxijen sever) Antigen (Vaxijen score: 1.5419)

Allergenicity Non‑allergen (AllergenFP)

Number of amino acids 441

Theoretical pI 9.71

Instability index 29.17 (stable)

Total number of atoms 6277

Aliphatic index 79.84

Extinction coefficient 44,920

Grand average of hydropathicity 
(GRAVY)

 − 0.166

Estimated half‑life  > 20 h in yeast, > 10 h in E. coli, 
and 30 h in mammalian reticu‑
locytes

Solubility Soluble (Solpro)
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allowed region. Only 0.5% residues were present in disal-
lowed regions according to the Ramachandran plot. Fur-
thermore, the tertiary model of the vaccine candidate has 
60 proline residues (represented as triangles in Fig. 4) and 
6 proline residues.

Molecular docking analysis of the final vaccine construct 
with HLA and TLR molecules
The ClusPro 2.0 web server was used to dock the final 
vaccine construct with TLR5 (3J0A) and the MHC class 
II allele HLA DRB 0101 (PDB:4AH2). Following docking, 
29 models were produced for both the vaccine construct 
docking with TLR5 molecules and the vaccine construct 
docking with HLA DRB 0101. The energy exchanged 
between the vaccine design and 3J0A was − 1609.2 kcal/
mol. The energy of the vaccine construct and 4AH2 inter-
action was − 1178.4  kcal/mol. The vaccine construct 
interacts with TLR5 and HLA DRB 0101, as demon-
strated in Fig. 5.

Molecular dynamics simulation
The root mean square deviation was used to assess the 
protein–protein complex’s conformational stability dur-
ing MD simulation (RMSD). Backbone atoms’ RMSD was 
calculated. TLR5A’s standard deviation (RMSD) (PDB: 
3JOA) (Fig. 6) steadied after 0.5 ns until 70 ns when there 
was a rapid rise. HLA DR1 (PDB: 4AH2) (Fig.  7) was 
steady throughout the simulation, and the system kept 
within the RMSD window of 0–0.5 nm. The RMSD con-
tinuously grew until it reached 0.5 ns, after which it stabi-
lized. At around 25 ns, the RMSD spikes, but the system 
quickly stabilizes and stays that way until the simulation 
is finished. After that, the value remained stable within a 
25-nm range until the simulation ended.

Codon usage adaptation and in silico cloning
The vaccine design’s codon use adaptation is required 
to speed up the expression of the vaccine construct in 
prokaryotic hosts and ensure large-scale commercial 

Fig. 2 Secondary structure prediction of the vaccine constructs: The strands are represented in yellow, the helix sections are shown in pink, and 
membrane contact and transmembrane helix regions are shown in gray color

Fig. 3 The I‑Tasser server anticipated the vaccine construct’s tertiary structure
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Fig. 4 Ramachandran plot, PROCHECK tool generated a 3D model of the vaccine construct

Fig. 5 Molecular docking analysis: A TLR5 receptor docking with the C. tropicalis vaccine design (blue hue) (green). B HLA allele docking with the C. 
tropicalis vaccine construct (blue) (green in color)



Page 9 of 15Akhtar et al. Journal of Genetic Engineering and Biotechnology          (2022) 20:140  

production. The vaccine construct’s Codon Adaptation 
Index was 0.9943 after the JCat website codon adapta-
tion, indicating a high degree of sequence expression. 
The codon-adapted vaccine sequence has 51.77% GC 
content. The vaccine construct was inserted between 

XhoI (158) and EcoRI (192) restriction sites of the 
pET28a ( +) vector. The final cloned vaccine construct 
is demonstrated in Fig. 8 and the inserted vaccine con-
struct is displayed in purple color. Furthermore, we 
were able to express vaccine construct with C-terminus 
histidine in the pET28a system in E. coli host and found 

Fig. 6 RMSD values of the docked complex of TLR5A (PDB: 3JOA) and the designed construct during molecular simulation analysis at the 100‑ns 
time scale

Fig. 7 RMSD values of the docked complex of HLA DR1 (PDB: 4AH2) and the designed construct during molecular simulation analysis at the 100‑ns 
time scale
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that the desired construct was expressed as a soluble 
fraction (data not shown).

Discussions
C. tropicalis is a non-albicans Candida (NAC) species 
that is frequently isolated from urine and blood samples 
of patients in intensive care units, catheterized, cancer, 
and neutropenia patients [63]. One of the significant 
issues connected with C. tropicalis infections is antifun-
gal resistance [64]. Another source of worry is the high 
mortality rate associated with C. tropicalis infections 
[14, 15]. As a result, it is critical to explore new ways to 
combat C. tropicalis infections. In this study, an in silico 

technique was employed to create and evaluate a novel 
and powerful multivalent epitope-based vaccine against 
the pathogen. Previously, vaccinations such as NDV-3 
and PEV7 were developed and tested against various 
Candida species. In mice models, these vaccinations were 
proven to prevent C. auris and C. albicans infections 
[28, 65]. The details of these and other anti-candida vac-
cines have been aptly discussed in the review by Tso et al. 
[66]. The immunization of C. tropicalis-infected mice 
with recombinant SAP2p isolated from C. parapsilosis 
has been shown to enhance the secretion of anti-SAP2 
antibodies and survival of the infected mice [31]. How-
ever, the in silico-designed vaccine against C. tropicalis 

Fig. 8 In silico cloning of the designed vaccine construct in the pET28a ( +) vector
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has not been reported so far. The popularity of in silico-
developed epitope-based vaccines has risen recently. The 
computational method could be a speedy and low-cost 
option to develop vaccinations that elicit a significant 
immunological response [67, 68]. Antigenic shift, anti-
genic drift, and genetic variants are all issues that can be 
dealt with that epitope-based vaccinations [67, 69]. Can-
didate vaccines against SARS-CoV-2, human papilloma-
virus, Oropouche virus, Ebola virus, Lassa virus, Nipah 
virus, Zika virus, dengue virus, canine circovirus, and 
human cytomegalovirus have all been developed using 
an in silico technique [42, 60, 61, 70–77]. Similarly, the 
in silico approach has been used to design candidate 
vaccine against fungal pathogens such as C. auris and 
C. albicans [32, 78]. Akhtar et  al. predicted 8 epitopes 
namely FTSSSNTLQ (T helper), SYQATVSFS (T helper), 
GTDTLVIEV (T cytotoxic), RPYININAA (T cytotoxic), 
SSYQATVSF (T cytotoxic), NAGSTSDEVNL (linear B 
cell), RTWTGSVTTTETLTAPSGGTE (linear B cell), 
and PTPVTTITKTWTGSVTTTETIPAPSGGTET (lin-
ear B cell) by targeting Als3p of C. auris which were used 
to design candidate vaccine using in silico method [32]. 
Tarang et al. predicted 18 epitopes by targeting 8 proteins 
involved in hypha formation namely Als4p, Als3p, Fav2p, 
Als2p, Eap1p, Hyr1p, Hwp1p, and Sap2p proteins of C. 
albicans which were then linked by AAY and GPGPG 
linkers to design a 349 amino acid long multi-epitope 
candidate vaccine using in silico approaches [78]. The 
in silico multi-epitope vaccine design method has also 
been used to design vaccine candidates against Rhizopus 
microsporus, a mucormycosis-causing fungus [79]. Sol-
tan et  al. targeted the spore coat and serine protease of 
R. microsporus to predict immunogenic T helper, T cyto-
toxic, and B cell epitopes which were joined to PADRE 
peptide and beta-defensin adjuvant to design a vaccine 
candidate using the various computational tools [79]. The 
in silico multi-epitope vaccine design has been employed 
to design vaccine candidates against cancer. Sanami et al. 
used this approach to design a vaccine candidate against 
cervical cancer by targeting the E6 and E7 oncoproteins 
of human papillomavirus (HPV16) [80].

The SAP2p was chosen as the target for developing 
an epitope-based vaccination in this study because it is 
necessary for Candida species’ virulence and pathogen-
esis [21–23]. Moreover, this protein has been frequently 
targeted to design various recombinant and hybrid phage 
vaccines against different Candida species [28–31]. The 
protein was predicted as antigenic and extracellular 
or plasma membrane protein in this study. A protein is 
regarded as a suitable candidate for vaccine creation if it 
is antigenic and extracellular or plasma membrane [43]. 
The similarity between the host and pathogen epitopes 
can increase the chances of cross-reactivity. The SAP2 

protein from C. tropicalis has relatively little homology 
(less than 30%) with human proteins, implying that there 
is very little chance of cross-reactivity. The protein was 
then utilized to predict a number of B and T cell epitopes. 
Helper and cytotoxic T cells bind to MHC-II and MHC-I 
molecules, respectively, and play an important role in the 
development of a strong cell-mediated immune response.

After epitopes were predicted, their antigenicity, toxic-
ity, allergenicity, conservancy, and interferon-activating 
potential were determined. Epitopes with a Vaxijen score 
of greater than 1.1 were chosen because they are thought 
to be antigenic [60]. If the epitopes are non-allergic and 
non-toxic, there can be low chances of adverse effects. 
Interferon activation helps to activate the innate and 
adaptive immune systems while also protecting against 
invasive Candidiasis and Aspergillosis [81–83]. Fur-
thermore, epitope conservation between strains can 
aid in overcoming obstacles such as antigenic shift and 
antigenic drift. The selection of conserved epitopes 
can provide better coverage and protection against the 
pathogenic infections [78]. As a result, for the vaccine 
construct design, highly antigenic, non-toxic, and non-
allergic epitopes that were conserved across several 
strains were chosen. Altogether, 11 epitopes were pre-
dicted as antigenic, non-toxic, and non-allergenic. These 
epitopes along with adjuvants were joined together by 
the GGS linker. Antigen processing is assisted by link-
ers, which also aid in the prevention of junctional epitope 
formation in multi-epitope vaccines. Candidate vaccines 
against human papillomavirus, human cytomegalovirus, 
C. auris, and dengue virus have already been developed 
using these adjuvants and linkers [32, 42, 71, 76]. RS09 
and flagellin protein are TLR4 and TLR5 agonists and 
help in the generation of the innate and adaptive immune 
response [84–86]. PADRE (Pan DR epitope) sequence 
which activates CD4 + T cells, provides stability to the 
vaccine, and helps in overcoming the problems due to 
polymorphism of HLA-DR molecules was also added to 
the vaccine construct [48, 87]. Finally, a vaccine construct 
with 441 amino acids was developed. Antigenic, soluble, 
stable, and non-allergic qualities were predicted for the 
designed vaccine construct. The majority of the residues 
(95.4%) were in favored or authorized regions, indicating 
that the vaccine construct’s tertiary structure was satis-
factory and reliable and can be used for further studies 
like molecular docking and molecular dynamics analy-
sis. C-score, which ranges from − 5 to 2, was also utilized 
to validate the vaccine construct’s tertiary structure. A 
higher C-score indicates that the protein’s 3D model is 
more important [53]. The vaccine construct’s C-score was 
0.19, indicating that the model was of good quality. Addi-
tional research, such as molecular docking and molecu-
lar dynamics analysis, were conducted using the vaccine 
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construct’s 3D model. The vaccine design was docked 
with TLR and HLA DRB 0101 molecules once the 3D 
model was validated. The vaccine design interacted with 
these molecules with a negative binding energy, imply-
ing better binding affinity and interaction. A molecular 
dynamic simulation analysis was used to assess the stabil-
ity of interactions between the vaccine construct and the 
HLA DRB 0101 and TLR5 molecules. The interactions 
were found to be both stable and adaptable, according to 
the research. Finally, the vaccine design was successfully 
cloned in Escherichia coli using in silico cloning. The vac-
cine design was found to be dissimilar to human proteins 
(taxid: 9606; Homo sapiens) in a protein–protein BLAST 
investigation, indicating that it could be safe for human 
use. These findings suggest that the vaccine developed in 
this study could be a safe and effective choice for prevent-
ing C. tropicalis infections. However, different in  vitro 
and in vivo research are required to further validate these 
in silico experimental results.

Conclusion
After conducting extensive in silico studies, a vaccine 
candidate against C. tropicalis was developed using 
multiple safe and antigenic epitopes predicted from 
the Sap2p. Both cell-mediated and humoral immune 
responses can be elicited by the multi-epitope vacci-
nation design. It was projected that the vaccine design 
would be soluble, stable, antigenic, and non-allergic. The 
results of the molecular dynamics simulation analysis 
reveal that HLA DR1 (PDB: 4AH2) binds more success-
fully against the intended construct than TLR5A (PDB: 
3JOA). These computer simulations show that the vac-
cine design could be a safe and effective way to treat C. 
tropicalis infections. Because the results are based on an 
in silico experiment, in  vivo research is needed to con-
firm them.

Abbreviations
BLAST: Basic local alignment search tool; HLA: Human leukocyte antigen; 
HMM: Hidden Markov model; MHC: Major histocompatibility complex; PADRE: 
Pan DR epitope; PDB: Protein data bank; RMSD: Root mean square deviation; 
SAP: Secreted aspartyl proteinase; TLR: Toll‑like receptor.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s43141‑ 022‑ 00415‑3.

Additional file 1: Table S1. Prediction of helper T cell epitopes and their 
antigenicity, allergenicity, toxicity and interferon‑γ inducing ability.

Additional file 2: Table S2. Prediction of cytotoxic T cell epitopes and 
their antigenicity, allergenicity, toxicity and interferon‑γ inducing ability.

Additional file 3: Table S3. Prediction of B cell epitopes and their anti‑
genicity, allergenicity, toxicity and interferon‑γ inducing ability.

Additional file 4: Table S4. Program: BLASTP.

Additional file 5: Table S5. Relative surface accessibility of the amino 
acid residues in the epitope of the designed vaccine candidate.

Acknowledgements
MAM would like to acknowledge lab funding from a core research grant 
(EMR/2017/002299) from the Science and Engineering Research Board (SERB) 
of India.

Authors’ contributions
NA: conceptualization, methodology, formal analysis, and first draft writing; 
AS: methodology, formal analysis, and writing (review and editing); AKU: validation, 
methodology, writing — review and editing, supervision, and validation; 
MAM: conceptualization, visualization, formal analysis, supervision, original 
draft writing, and writing review and editing. The authors read and approved 
the final manuscript.

Funding
NA.

Availability of data and materials
Data would be made available on request.

Declarations

Ethics approval and consent to participate
No experiments were conducted on humans and animals.

Consent for publication
All authors approve the manuscript for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Molecular Biology and Genetic Engineering, School of 
Bioengineering and Biosciences, Lovely Professional University, Phagwara 
144401, Punjab, India. 2 Department of Biotechnology, Thapar Institute 
of Engineering and Technology, Patiala, Punjab 147004, India. 3 Division 
of Infectious Disease, The Lundquist Institute for Biomedical Innovation 
at Harbor, University of California Los Angeles (UCLA) Medical Center, Los 
Angeles, CA, USA. 

Received: 28 January 2022   Accepted: 25 August 2022

References
 1. Kmeid J, Jabbour JF, Kanj SS (2020) Epidemiology and burden of invasive 

fungal infections in the countries of the Arab League. J Infect Public 
Health 13:2082–2086. https:// doi. org/ 10. 1016/j. jiph. 2019. 05. 007

 2. Lockhart SR, Guarner J (2019) Emerging and reemerging fungal infec‑
tions. Semin Diagn Pathol 36:177–181. https:// doi. org/ 10. 1053/j. semdp. 
2019. 04. 010

 3. Kainz K, Bauer MA, Madeo F, Carmona‑Gutierrez D (2020) Fungal infec‑
tions in humans: the silent crisis. Microb Cell 7:143–5. https:// doi. org/ 10. 
15698/ mic20 20. 06. 718

 4. Bongomin F, Gago S, Oladele RO, Denning DW (2017) Global and multi‑
national prevalence of fungal diseases—estimate precision. J Fungi 3:57. 
https:// doi. org/ 10. 3390/ jof30 40057

 5. Almeida F, Rodrigues ML, Coelho C (2019) The still underestimated prob‑
lem of fungal diseases worldwide. Front Microbiol 10:214. https:// doi. org/ 
10. 3389/ fmicb. 2019. 00214

 6. CDC (2020) Burden of fungal diseases in the United States | Fungal Dis‑
eases | CDC. https:// www. cdc. gov/ fungal/ cdc‑ and‑ fungal/ burden. html 
(Accessed 16 June 2020).

 7. Smith KD, Achan B, Hullsiek KH, McDonald TR, Okagaki LH, Alhadab AA 
et al (2015) Increased antifungal drug resistance in clinical isolates of 

https://doi.org/10.1186/s43141-022-00415-3
https://doi.org/10.1186/s43141-022-00415-3
https://doi.org/10.1016/j.jiph.2019.05.007
https://doi.org/10.1053/j.semdp.2019.04.010
https://doi.org/10.1053/j.semdp.2019.04.010
https://doi.org/10.15698/mic2020.06.718
https://doi.org/10.15698/mic2020.06.718
https://doi.org/10.3390/jof3040057
https://doi.org/10.3389/fmicb.2019.00214
https://doi.org/10.3389/fmicb.2019.00214
https://www.cdc.gov/fungal/cdc-and-fungal/burden.html


Page 13 of 15Akhtar et al. Journal of Genetic Engineering and Biotechnology          (2022) 20:140  

Cryptococcus neoformans in Uganda. Antimicrob Agents Chemother 
59:7197–7204. https:// doi. org/ 10. 1128/ AAC. 01299‑ 15

 8. Cowen LE, Sanglard D, Howard SJ, Rogers PD, Perlin DS (2015) Mecha‑
nisms of antifungal drug resistance. Cold Spring Harb Perspect Med 5. 
https:// doi. org/ 10. 1101/ cshpe rspect. a0197 52.

 9. Pristov KE, Ghannoum MA (2019) Resistance of Candida to azoles and 
echinocandins worldwide. Clin Microbiol Infect 25:792–798. https:// doi. 
org/ 10. 1016/j. cmi. 2019. 03. 028

 10. Oliveira LVN, Wang R, Specht CA, Levitz SM (2021) Vaccines for human 
fungal diseases: close but still a long way to go. Npj Vaccines 6:1–8. 
https:// doi. org/ 10. 1038/ s41541‑ 021‑ 00294‑8

 11. Ljungman P (2012) Vaccination of immunocompromised patients. Clin 
Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect Dis 18(Suppl 
5):93–99. https:// doi. org/ 10. 1111/j. 1469‑ 0691. 2012. 03971.x

 12. Zuza‑Alves DL, Silva‑Rocha WP, Chaves GM (2017) An update on Candida 
tropicalis based on basic and clinical approaches. Front Microbiol 8:1927. 
https:// doi. org/ 10. 3389/ fmicb. 2017. 01927

 13. de Oliveira JS, Pereira VS, Castelo‑Branco D de SCM, Cordeiro R de A, 
Sidrim JJC, Brilhante RSN et al (2020) The yeast, the antifungal, and 
the wardrobe: a journey into antifungal resistance mechanisms of 
Candida tropicalis. Can J Microbiol 66:377–88. https:// doi. org/ 10. 1139/ 
cjm‑ 2019‑ 0531

 14. Horn DL, Neofytos D, Anaissie EJ, Fishman JA, Steinbach WJ, Olyaei AJ 
et al (2009) Epidemiology and outcomes of candidemia in 2019 patients: 
data from the Prospective Antifungal Therapy Alliance Registry. Clin Infect 
Dis 48:1695–1703. https:// doi. org/ 10. 1086/ 599039

 15. Ko J‑H, Jung DS, Lee JY, Kim HA, Ryu SY, Jung S‑I et al (2019) Poor progno‑
sis of Candida tropicalis among non‑albicans candidemia: a retrospective 
multicenter cohort study. Korea Diagn Microbiol Infect Dis 95:195–200. 
https:// doi. org/ 10. 1016/j. diagm icrob io. 2019. 05. 017

 16. Khan Z, Ahmad S, Mokaddas E, Meis JF, Joseph L, Abdullah A, et al (2018) 
Development of echinocandin resistance in Candida tropicalis following 
short‑term exposure to caspofungin for empiric therapy. Antimicrob 
Agents Chemother 62. https:// doi. org/ 10. 1128/ AAC. 01926‑ 17.

 17. Paul S, Singh P, A S S, Rudramurthy SM, Chakrabarti A, Ghosh AK (2018) 
Rapid detection of fluconazole resistance in Candida tropicalis by MALDI‑
TOF MS. Med Mycol 56:234–41. https:// doi. org/ 10. 1093/ mmy/ myx042

 18. Yang Y‑L, Ho Y‑A, Cheng H‑H, Ho M, Lo H‑J (2004) Susceptibilities of 
Candida species to amphotericin B and fluconazole: the emergence of 
fluconazole resistance in Candida tropicalis. Infect Control Hosp Epide‑
miol 25:60–64. https:// doi. org/ 10. 1086/ 502294

 19. Arastehfar A, Daneshnia F, Hafez A, Khodavaisy S, Najafzadeh M‑J, Char‑
sizadeh A et al (2020) Antifungal susceptibility, genotyping, resistance 
mechanism, and clinical profile of Candida tropicalis blood isolates. Med 
Mycol 58:766–773. https:// doi. org/ 10. 1093/ mmy/ myz124

 20. Srinivasan A, Lopez‑Ribot JL, Ramasubramanian AK (2014) Overcoming 
antifungal resistance. Drug Discov Today Technol 11:65–71. https:// doi. 
org/ 10. 1016/j. ddtec. 2014. 02. 005

 21. Lima JS, Braga KRGS, Vieira CA, Souza WWR, Chávez‑Pavoni JH, de Araújo 
C et al (2018) Genotypic analysis of secreted aspartyl proteinases in vagi‑
nal Candida albicans isolates. J Bras Patol E Med Lab 54:28–33. https:// doi. 
org/ 10. 5935/ 1676‑ 2444. 20180 006

 22. Naglik JR, Challacombe SJ, Hube B (2003) Candida albicans secreted 
aspartyl proteinases in virulence and pathogenesis. Microbiol Mol Biol 
Rev 67:400–428. https:// doi. org/ 10. 1128/ MMBR. 67.3. 400‑ 428. 2003

 23. Gropp K, Schild L, Schindler S, Hube B, Zipfel PF, Skerka C (2009) The yeast 
Candida albicans evades human complement attack by secretion of 
aspartic proteases. Mol Immunol 47:465–475. https:// doi. org/ 10. 1016/j. 
molimm. 2009. 08. 019

 24. Pietrella D, Rachini A, Pandey N, Schild L, Netea M, Bistoni F et al (2010) 
The inflammatory response induced by aspartic proteases of Candida 
albicans is independent of proteolytic activity. Infect Immun 78:4754–
4762. https:// doi. org/ 10. 1128/ IAI. 00789‑ 10

 25. Schaller M, Korting HC, Borelli C, Hamm G, Hube B (2005) Candida 
albicans‑secreted aspartic proteinases modify the epithelial cytokine 
response in an in vitro model of vaginal candidiasis. Infect Immun 
73:2758–2765. https:// doi. org/ 10. 1128/ IAI. 73.5. 2758‑ 2765. 2005

 26. Schaller M, Bein M, Korting HC, Baur S, Hamm G, Monod M et al (2003) 
The secreted aspartyl proteinases Sap1 and Sap2 cause tissue damage 
in an in vitro model of vaginal candidiasis based on reconstituted 

human vaginal epithelium. Infect Immun 71:3227–3234. https:// doi. 
org/ 10. 1128/ IAI. 71.6. 3227‑ 3234. 2003

 27. De Bernardis F, Boccanera M, Adriani D, Girolamo A, Cassone A (2002) 
Intravaginal and intranasal immunizations are equally effective in 
inducing vaginal antibodies and conferring protection against vaginal 
candidiasis. Infect Immun 70:2725–2729. https:// doi. org/ 10. 1128/ IAI. 
70.5. 2725‑ 2729. 2002

 28. Bernardis FD, Amacker M, Arancia S, Sandini S, Gremion C, Zur‑
briggen R et al (2012) A virosomal vaccine against candidal vaginitis: 
immunogenicity, efficacy and safety profile in animal models. Vaccine 
30:4490–4498. https:// doi. org/ 10. 1016/j. vacci ne. 2012. 04. 069

 29. Sandini S, La Valle R, Deaglio S, Malavasi F, Cassone A, De Bernardis F 
(2011) A highly immunogenic recombinant and truncated protein of 
the secreted aspartic proteases family (rSap2t) of Candida albicans 
as a mucosal anticandidal vaccine. FEMS Immunol Med Microbiol 
62:215–224. https:// doi. org/ 10. 1111/j. 1574‑ 695X. 2011. 00802.x

 30. Wang Y, Su Q, Dong S, Shi H, Gao X, Wang L (2014) Hybrid phage dis‑
playing SLAQVKYTSASSI induces protection against Candida albicans 
challenge in BALB/c mice. Hum Vaccines Immunother 10:1057–1063. 
https:// doi. org/ 10. 4161/ hv. 27714

 31. Shukla M, Rohatgi S (2020) Vaccination with secreted aspartyl pro‑
teinase 2 protein from Candida parapsilosis can enhance survival of 
mice during C. tropicalis‑mediated systemic candidiasis. Infect Immun 
88:e00312‑20. https:// doi. org/ 10. 1128/ IAI. 00312‑ 20

 32. Akhtar N, Joshi A, Kaushik V, Kumar M, Mannan MA (2021) In‑silico 
design of a multivalent epitope‑based vaccine against Candida auris. 
Microb Pathog 155:104879. https:// doi. org/ 10. 1016/j. micpa th. 2021. 
104879

 33. Yu CS, Cheng CW, Su WC, Chang KC, Huang SW, Hwang JK et al (2014) 
CELLO2GO: a web server for protein subCELlular lOcalization predic‑
tion with functional gene ontology annotation. PLoS ONE 9:e99368. 
https:// doi. org/ 10. 1371/ journ al. pone. 00993 68

 34. Horton P, Park K‑J, Obayashi T, Fujita N, Harada H, Adams‑Collier CJ et al 
(2007) WoLF PSORT: protein localization predictor. Nucleic Acids Res 
35:W585‑587. https:// doi. org/ 10. 1093/ nar/ gkm259

 35. Doytchinova IA, Flower DR (2007) VaxiJen: a server for prediction of 
protective antigens, tumour antigens and subunit vaccines. BMC 
Bioinformatics 8:4. https:// doi. org/ 10. 1186/ 1471‑ 2105‑8‑4

 36. Altschul S, Wootton J, Gertz E, Agarwala R, Morgulis A, Schäffer A et al 
(2005) Protein database searches using compositionally adjusted 
substitution matrices. FEBS J 272:5101–5109. https:// doi. org/ 10. 1111/j. 
1742‑ 4658. 2005. 04945.x

 37. Jensen KK, Andreatta M, Marcatili P, Buus S, Greenbaum JA, Yan Z et al 
(2018) Improved methods for predicting peptide binding affinity to 
MHC class II molecules. Immunology 154:394–406. https:// doi. org/ 10. 
1111/ imm. 12889

 38. Lin HH, Zhang GL, Tongchusak S, Reinherz EL, Brusic V (2008) Evalu‑
ation of MHC‑II peptide binding prediction servers: applications for 
vaccine research. BMC Bioinformatics 9:S22. https:// doi. org/ 10. 1186/ 
1471‑ 2105‑9‑ S12‑ S22

 39. Zhang L, Udaka K, Mamitsuka H, Zhu S (2012) Toward more accurate 
pan‑specific MHC‑peptide binding prediction: a review of current 
methods and tools. Brief Bioinform 13:350–364. https:// doi. org/ 10. 
1093/ bib/ bbr060

 40. Andreatta M, Nielsen M (2015) Gapped sequence alignment using 
artificial neural networks: application to the MHC class I system. Bioin‑
formatics 32:511–517. https:// doi. org/ 10. 1093/ bioin forma tics/ btv639

 41. Larsen JEP, Lund O, Nielsen M (2006) Improved method for predicting 
linear B‑cell epitopes. Immunome Res 2:2. https:// doi. org/ 10. 1186/ 
1745‑ 7580‑2‑2

 42. Akhtar N, Joshi A, Singh J, Kaushik V (2021) Design of a novel and 
potent multivalent epitope based human cytomegalovirus peptide 
vaccine: an immunoinformatics approach. J Mol Liq 335:116586. 
https:// doi. org/ 10. 1016/j. molliq. 2021. 116586

 43. María R‑AR, Arturo C‑VJ, Alicia J‑A, Paulina M‑LG, Gerardo A‑O (2017) 
The impact of bioinformatics on vaccine design and development. 
IntechOpen. https:// doi. org/ 10. 5772/ intec hopen. 69273

 44. Gupta S, Kapoor P, Chaudhary K, Gautam A, Kumar R, Raghava GPS 
(2013) In silico approach for predicting toxicity of peptides and proteins. 
PLoS ONE 8:e73957. https:// doi. org/ 10. 1371/ journ al. pone. 00739 57

https://doi.org/10.1128/AAC.01299-15
https://doi.org/10.1101/cshperspect.a019752
https://doi.org/10.1016/j.cmi.2019.03.028
https://doi.org/10.1016/j.cmi.2019.03.028
https://doi.org/10.1038/s41541-021-00294-8
https://doi.org/10.1111/j.1469-0691.2012.03971.x
https://doi.org/10.3389/fmicb.2017.01927
https://doi.org/10.1139/cjm-2019-0531
https://doi.org/10.1139/cjm-2019-0531
https://doi.org/10.1086/599039
https://doi.org/10.1016/j.diagmicrobio.2019.05.017
https://doi.org/10.1128/AAC.01926-17
https://doi.org/10.1093/mmy/myx042
https://doi.org/10.1086/502294
https://doi.org/10.1093/mmy/myz124
https://doi.org/10.1016/j.ddtec.2014.02.005
https://doi.org/10.1016/j.ddtec.2014.02.005
https://doi.org/10.5935/1676-2444.20180006
https://doi.org/10.5935/1676-2444.20180006
https://doi.org/10.1128/MMBR.67.3.400-428.2003
https://doi.org/10.1016/j.molimm.2009.08.019
https://doi.org/10.1016/j.molimm.2009.08.019
https://doi.org/10.1128/IAI.00789-10
https://doi.org/10.1128/IAI.73.5.2758-2765.2005
https://doi.org/10.1128/IAI.71.6.3227-3234.2003
https://doi.org/10.1128/IAI.71.6.3227-3234.2003
https://doi.org/10.1128/IAI.70.5.2725-2729.2002
https://doi.org/10.1128/IAI.70.5.2725-2729.2002
https://doi.org/10.1016/j.vaccine.2012.04.069
https://doi.org/10.1111/j.1574-695X.2011.00802.x
https://doi.org/10.4161/hv.27714
https://doi.org/10.1128/IAI.00312-20
https://doi.org/10.1016/j.micpath.2021.104879
https://doi.org/10.1016/j.micpath.2021.104879
https://doi.org/10.1371/journal.pone.0099368
https://doi.org/10.1093/nar/gkm259
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1111/j.1742-4658.2005.04945.x
https://doi.org/10.1111/j.1742-4658.2005.04945.x
https://doi.org/10.1111/imm.12889
https://doi.org/10.1111/imm.12889
https://doi.org/10.1186/1471-2105-9-S12-S22
https://doi.org/10.1186/1471-2105-9-S12-S22
https://doi.org/10.1093/bib/bbr060
https://doi.org/10.1093/bib/bbr060
https://doi.org/10.1093/bioinformatics/btv639
https://doi.org/10.1186/1745-7580-2-2
https://doi.org/10.1186/1745-7580-2-2
https://doi.org/10.1016/j.molliq.2021.116586
https://doi.org/10.5772/intechopen.69273
https://doi.org/10.1371/journal.pone.0073957


Page 14 of 15Akhtar et al. Journal of Genetic Engineering and Biotechnology          (2022) 20:140 

 45. Dimitrov I, Naneva L, Doytchinova I, Bangov I (2014) AllergenFP: aller‑
genicity prediction by descriptor fingerprints. Bioinformatics 30:846–851. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btt619

 46. Dhanda SK, Vir P, Raghava GPS (2013) Designing of interferon‑gamma 
inducing MHC class‑II binders. Biol Direct 8:30. https:// doi. org/ 10. 1186/ 
1745‑ 6150‑8‑ 30

 47. Bui HH, Sidney J, Li W, Fusseder N, Sette A (2007) Development of an 
epitope conservancy analysis tool to facilitate the design of epitope‑
based diagnostics and vaccines. BMC Bioinformatics 8:361. https:// doi. 
org/ 10. 1186/ 1471‑ 2105‑8‑ 361

 48. Hasan M, Islam S, Chakraborty S, Mustafa AH, Azim KF, Joy ZF et al (2019) 
Contriving a chimeric polyvalent vaccine to prevent infections caused by 
herpes simplex virus (type‑1 and type‑2): an exploratory immunoinfor‑
matic approach. J Biomol Struct Dyn 38:2898–2915. https:// doi. org/ 10. 
1080/ 07391 102. 2019. 16472 86

 49. Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD et al 
(2005) Protein identification and analysis tools on the ExPASy server. In: 
Walker JM (ed) Proteomics Protoc. Handb. Humana Press, Totowa, pp 
571–607. https:// doi. org/ 10. 1385/1‑ 59259‑ 890‑0: 571

 50. Klausen MS, Jespersen MC, Nielsen H, Jensen KK, Jurtz VI, Sønderby 
CK et al (2019) NetSurfP‑2.0: improved prediction of protein structural 
features by integrated deep learning. Proteins 87:520–7. https:// doi. org/ 
10. 1002/ prot. 25674

 51. Magnan CN, Randall A, Baldi P (2009) SOLpro: accurate sequence‑based 
prediction of protein solubility. Bioinformatics 25:2200–2207. https:// doi. 
org/ 10. 1093/ bioin forma tics/ btp386

 52. Buchan DWA, Jones DT (2019) The PSIPRED protein analysis workbench: 
20 years on. Nucleic Acids Res 47:W402–W407. https:// doi. org/ 10. 1093/ 
nar/ gkz297

 53. Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y (2015) The I‑TASSER Suite: 
protein structure and function prediction. Nat Methods 12:7–8. https:// 
doi. org/ 10. 1038/ nmeth. 3213

 54. Laskowski RA, Rullmannn JA, MacArthur MW, Kaptein R, Thornton JM 
(1996) AQUA and PROCHECK‑NMR: programs for checking the quality of 
protein structures solved by NMR. J Biomol NMR 8:477–486. https:// doi. 
org/ 10. 1007/ BF002 28148

 55. Kozakov D, Hall DR, Xia B, Porter KA, Padhorny D, Yueh C et al (2017) The 
ClusPro web server for protein‑protein docking. Nat Protoc 12:255–278. 
https:// doi. org/ 10. 1038/ nprot. 2016. 169

 56. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H et al 
(2000) The protein data bank. Nucleic Acids Res 28:235–242. https:// doi. 
org/ 10. 1093/ nar/ 28.1. 235

 57. Tian W, Chen C, Lei X, Zhao J, Liang J (2018) CASTp 3.0: computed atlas of 
surface topography of proteins. Nucleic Acids Res 46:W363‑7. https:// doi. 
org/ 10. 1093/ nar/ gky473

 58. Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen HJC 
(2005) GROMACS: fast, flexible, and free. J Comput Chem 26:1701–1718. 
https:// doi. org/ 10. 1002/ jcc. 20291

 59. Grote A, Hiller K, Scheer M, Münch R, Nörtemann B, Hempel DC et al 
(2005) JCat: a novel tool to adapt codon usage of a target gene to its 
potential expression host. Nucleic Acids Res 33:W526–W531. https:// doi. 
org/ 10. 1093/ nar/ gki376

 60. Adhikari UK, Tayebi M, Rahman MM (2018) Immunoinformatics approach 
for epitope‑based peptide vaccine design and active site prediction 
against polyprotein of emerging oropouche virus. J Immunol Res 
2018:6718083. https:// doi. org/ 10. 1155/ 2018/ 67180 83

 61. Akhtar N, Joshi A, Singh B, Kaushik V (2020) Immuno‑informatics quest 
against COVID‑19/SARS‑COV‑2: determining putative T‑cell epitopes 
for vaccine prediction. Infect Disord Drug Targets 20. https:// doi. org/ 10. 
2174/ 18715 26520 66620 09211 54149.

 62. Liu W, Xie Y, Ma J, Luo X, Nie P, Zuo Z et al (2015) IBS: an illustrator for the 
presentation and visualization of biological sequences. Bioinformatics 
31:3359–3361. https:// doi. org/ 10. 1093/ bioin forma tics/ btv362

 63. Silva S, Negri M, Henriques M, Oliveira R, Williams DW, Azeredo J (2012) 
Candida glabrata, Candida parapsilosis and Candida tropicalis: biology, 
epidemiology, pathogenicity and antifungal resistance. FEMS Microbiol 
Rev 36:288–305. https:// doi. org/ 10. 1111/j. 1574‑ 6976. 2011. 00278.x

 64. Barac A, Cevik M, Colovic N, Lekovic D, Stevanovic G, Micic J et al (2020) 
Investigation of a healthcare‑associated Candida tropicalis candidiasis 
cluster in a haematology unit and a systematic review of nosocomial 
outbreaks. Mycoses 63:326–333. https:// doi. org/ 10. 1111/ myc. 13048

 65. Singh S, Uppuluri P, Mamouei Z, Alqarihi A, Elhassan H, French S et al 
(2019) The NDV‑3A vaccine protects mice from multidrug resistant Can‑
dida auris infection. PLoS Pathog 15:e1007460. https:// doi. org/ 10. 1371/ 
journ al. ppat. 10074 60

 66. Tso GHW, Reales‑Calderon JA, Pavelka N (2018) The elusive anti‑Candida 
vaccine: lessons from the past and opportunities for the future. Front 
Immunol 9:897. https:// doi. org/ 10. 3389/ fimmu. 2018. 00897

 67. Oyarzún P, Kobe B (2016) Recombinant and epitope‑based vaccines on 
the road to the market and implications for vaccine design and produc‑
tion. Hum Vaccines Immunother 12:763–767. https:// doi. org/ 10. 1080/ 
21645 515. 2015. 10945 95

 68. Qamar MTU, Saleem S, Ashfaq UA, Bari A, Anwar F, Alqahtani S (2019) 
Epitope‑based peptide vaccine design and target site depiction against 
Middle East Respiratory syndrome coronavirus: an immune‑informatics 
study. J Transl Med 17:362. https:// doi. org/ 10. 1186/ s12967‑ 019‑ 2116‑8

 69. Ben‑Yedidia T, Arnon R (2007) Epitope‑based vaccine against influenza. 
Expert Rev Vaccines 6:939–948. https:// doi. org/ 10. 1586/ 14760 584.6. 6. 939

 70. Abdelmageed MI, Abdelmoneim AH, Mustafa MI, Elfadol NM, Murshed 
NS, Shantier SW et al (2020) Design of a multiepitope‑based peptide 
vaccine against the E protein of human COVID‑19: an immunoinformatics 
approach. BioMed Res Int 2020:2683286. https:// doi. org/ 10. 1155/ 2020/ 
26832 86

 71. Krishnan GS, Joshi A, Akhtar N, Kaushik V (2021) Immunoinformatics 
designed T cell multi epitope dengue peptide vaccine derived from 
non structural proteome. Microb Pathog 150:104728. https:// doi. org/ 10. 
1016/j. micpa th. 2020. 104728

 72. Ojha R, Pareek A, Pandey RK, Prusty D, Prajapati VK (2019) Strategic devel‑
opment of a next‑generation multi‑epitope vaccine to prevent Nipah 
virus zoonotic infection. ACS Omega 4:13069–13079. https:// doi. org/ 10. 
1021/ acsom ega. 9b009 44

 73. Pandey RK, Ojha R, Mishra A, Prajapati VK (2018) Designing B‑ and T‑cell 
multi‑epitope based subunit vaccine using immunoinformatics approach 
to control Zika virus infection. J Cell Biochem 119:7631–7642. https:// doi. 
org/ 10. 1002/ jcb. 27110

 74. Sayed SB, Nain Z, Khan MSA, Abdulla F, Tasmin R, Adhikari UK (2020) 
Exploring Lassa virus proteome to design a multi‑epitope vaccine 
through immunoinformatics and immune simulation analyses. Int J Pept 
Res Ther 26:2089–2107. https:// doi. org/ 10. 1007/ s10989‑ 019‑ 10003‑8

 75. Ullah A, Sarkar B, Islam SS (2020) Exploiting the reverse vaccinology 
approach to design novel subunit vaccine against Ebola virus. Immuno‑
biology 225:151949. https:// doi. org/ 10. 1016/j. imbio. 2020. 151949

 76. Yazdani Z, Rafiei A, Valadan R, Ashrafi H, Pasandi MS, Kardan M (2020) 
Designing a potent L1 protein‑based HPV peptide vaccine: a bioinformat‑
ics approach. Comput Biol Chem 85:107209. https:// doi. org/ 10. 1016/j. 
compb iolch em. 2020. 107209

 77. Jain P, Joshi A, Akhtar N, Krishnan S, Kaushik V (2021) An immunoin‑
formatics study: designing multivalent T‑cell epitope vaccine against 
canine circovirus. J Genet Eng Biotechnol 19:121. https:// doi. org/ 10. 1186/ 
s43141‑ 021‑ 00220‑4

 78. Tarang S, Kesherwani V, LaTendresse B, Lindgren L, Rocha‑Sanchez 
SM, Weston MD (2020) In silico design of a multivalent vaccine 
against Candida albicans. Sci Rep 10:1–7. https:// doi. org/ 10. 1038/ 
s41598‑ 020‑ 57906‑x

 79. Soltan MA, Eldeen MA, Elbassiouny N, Kamel HL, Abdelraheem KM, El‑
Gayyed HA et al (2021) In silico designing of a multitope vaccine against 
Rhizopus microsporus with potential activity against other mucormycosis 
causing fungi. Cells 10:3014. https:// doi. org/ 10. 3390/ cells 10113 014

 80. Sanami S, Azadegan‑Dehkordi F, Rafieian‑Kopaei M, Salehi M, Ghasemi‑
Dehnoo M, Mahooti M et al (2021) Design of a multi‑epitope vaccine 
against cervical cancer using immunoinformatics approaches. Sci Rep 
11:12397. https:// doi. org/ 10. 1038/ s41598‑ 021‑ 91997‑4

 81. Delsing CE, Gresnigt MS, Leentjens J, Preijers F, Frager FA, Kox M et al 
(2014) Interferon‑gamma as adjunctive immunotherapy for invasive 
fungal infections: a case series. BMC Infect Dis 14:166. https:// doi. org/ 10. 
1186/ 1471‑ 2334‑ 14‑ 166

 82. Gozalbo D, Maneu V, Gil ML (2014) Role of IFN‑gamma in immune 
responses to Candida albicans infections. Front Biosci ‑ Landmark 
19:1279–1290. https:// doi. org/ 10. 2741/ 4281

 83. Kang S, Brown HM, Hwang S (2018) Direct antiviral mechanisms of 
interferon‑gamma. Immune Netw 18:e33. https:// doi. org/ 10. 4110/ in. 
2018. 18. e33

https://doi.org/10.1093/bioinformatics/btt619
https://doi.org/10.1186/1745-6150-8-30
https://doi.org/10.1186/1745-6150-8-30
https://doi.org/10.1186/1471-2105-8-361
https://doi.org/10.1186/1471-2105-8-361
https://doi.org/10.1080/07391102.2019.1647286
https://doi.org/10.1080/07391102.2019.1647286
https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1002/prot.25674
https://doi.org/10.1002/prot.25674
https://doi.org/10.1093/bioinformatics/btp386
https://doi.org/10.1093/bioinformatics/btp386
https://doi.org/10.1093/nar/gkz297
https://doi.org/10.1093/nar/gkz297
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1007/BF00228148
https://doi.org/10.1007/BF00228148
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/gky473
https://doi.org/10.1093/nar/gky473
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1093/nar/gki376
https://doi.org/10.1093/nar/gki376
https://doi.org/10.1155/2018/6718083
https://doi.org/10.2174/1871526520666200921154149
https://doi.org/10.2174/1871526520666200921154149
https://doi.org/10.1093/bioinformatics/btv362
https://doi.org/10.1111/j.1574-6976.2011.00278.x
https://doi.org/10.1111/myc.13048
https://doi.org/10.1371/journal.ppat.1007460
https://doi.org/10.1371/journal.ppat.1007460
https://doi.org/10.3389/fimmu.2018.00897
https://doi.org/10.1080/21645515.2015.1094595
https://doi.org/10.1080/21645515.2015.1094595
https://doi.org/10.1186/s12967-019-2116-8
https://doi.org/10.1586/14760584.6.6.939
https://doi.org/10.1155/2020/2683286
https://doi.org/10.1155/2020/2683286
https://doi.org/10.1016/j.micpath.2020.104728
https://doi.org/10.1016/j.micpath.2020.104728
https://doi.org/10.1021/acsomega.9b00944
https://doi.org/10.1021/acsomega.9b00944
https://doi.org/10.1002/jcb.27110
https://doi.org/10.1002/jcb.27110
https://doi.org/10.1007/s10989-019-10003-8
https://doi.org/10.1016/j.imbio.2020.151949
https://doi.org/10.1016/j.compbiolchem.2020.107209
https://doi.org/10.1016/j.compbiolchem.2020.107209
https://doi.org/10.1186/s43141-021-00220-4
https://doi.org/10.1186/s43141-021-00220-4
https://doi.org/10.1038/s41598-020-57906-x
https://doi.org/10.1038/s41598-020-57906-x
https://doi.org/10.3390/cells10113014
https://doi.org/10.1038/s41598-021-91997-4
https://doi.org/10.1186/1471-2334-14-166
https://doi.org/10.1186/1471-2334-14-166
https://doi.org/10.2741/4281
https://doi.org/10.4110/in.2018.18.e33
https://doi.org/10.4110/in.2018.18.e33


Page 15 of 15Akhtar et al. Journal of Genetic Engineering and Biotechnology          (2022) 20:140  

 84. Forstnerič V, Ivičak‑Kocjan K, Plaper T, Jerala R, Benčina M (2017) The role 
of the C‑terminal D0 domain of flagellin in activation of Toll like receptor 
5. PLOS Pathog 13:e1006574. https:// doi. org/ 10. 1371/ journ al. ppat. 10065 
74

 85. Gupta SK, Bajwa P, Deb R, Chellappa MM, Dey S (2014) Flagellin A toll‑like 
receptor 5 agonist as an adjuvant in chicken vaccines. Clin Vaccine Immu‑
nol CVI 21:261–270. https:// doi. org/ 10. 1128/ CVI. 00669‑ 13

 86. Shanmugam A, Rajoria S, George AL, Mittelman A, Suriano R, Tiwari RK 
(2012) Synthetic Toll like receptor‑4 (TLR‑4) agonist peptides as a novel 
class of adjuvants. PLoS ONE 7:e30839. https:// doi. org/ 10. 1371/ journ al. 
pone. 00308 39

 87. Ghaffari‑Nazari H, Tavakkol‑Afshari J, Jaafari MR, Tahaghoghi‑Hajghorbani 
S, Masoumi E, Jalali SA (2015) Improving multi‑epitope long peptide vac‑
cine potency by using a strategy that enhances CD4+ T help in BALB/c 
mice. PLoS ONE 10:e0142563. https:// doi. org/ 10. 1371/ journ al. pone. 01425 
63

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1371/journal.ppat.1006574
https://doi.org/10.1371/journal.ppat.1006574
https://doi.org/10.1128/CVI.00669-13
https://doi.org/10.1371/journal.pone.0030839
https://doi.org/10.1371/journal.pone.0030839
https://doi.org/10.1371/journal.pone.0142563
https://doi.org/10.1371/journal.pone.0142563

	Design of a multi-epitope vaccine against the pathogenic fungi Candida tropicalis using an in silico approach
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Protein sequence retrieval and analysis
	Prediction of T and B cell epitopes
	Determination of the predicted epitopes’ toxicity, antigenicity, allergic potential, and interferon-γ activating potential
	Epitope conservancy analysis
	Designing the vaccine construct and determining its physiochemical properties
	Prediction of the final vaccine’s structure
	Molecular docking of the vaccine construct with HLA and TLR molecules
	Molecular simulation studies
	In silico cloning and codon use adaption parameters

	Results
	Retrieval and analysis of the protein sequence
	T cell and B cell epitope prediction
	Determination of the anticipated epitopes’ toxicity, antigenicity, and allergic potential
	Designing the vaccine construct and determining its physiochemical properties
	Structure prediction of the final vaccine construct and its validation
	Molecular docking analysis of the final vaccine construct with HLA and TLR molecules
	Molecular dynamics simulation
	Codon usage adaptation and in silico cloning

	Discussions
	Conclusion
	Acknowledgements
	References


