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proteomics and
reverse vaccinology
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Naina Arora1* and Amit Prasad1,2,3*
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Background: Soil- and water-transmitted helminths are a major concern in the

developing world due to their high prevalence. More than a quarter of the

population were estimated to be infected with helminths in these

endemic zones.

Research design: An in silico approach was used to design a vaccine construct

against the Taenia genus utilizing the proteomic information and evaluation of

the construct using immune-informatics.

Results: Our study identified 451 conserved proteins in Taenia spp. using the

existing proteome; out of these, 141 were found to be expressed in cysticerci.

These proteins were screened for antigenic epitopes and amulti-subunit vaccine

was constructed. The constructed vaccine was assessed for its efficacy in

mounting the appropriate immune response. Our constructed vaccine showed

stability and optimal performance against the TLR 4 receptor, which is reported

to be upregulated in Taenia infections in hosts.

Conclusion: Immune-informatics tools help design vaccines for neglected

diseases such as those attributed to helminths, which are known to cause

widespread morbidity. Our vaccine construct holds tremendous potential in

conferring protection against all Taenia spp. of clinical relevance to human.
KEYWORDS

helminths, Taenia genus, MALDI, immune-informatics, vaccine design, molecular
dynamic simulations, cysticercosis
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1 Introduction

Helminths that cause infections in humans are traditionally

classified as platyhelminths (meaning flatworms) and nematodes

(roundworms). Platyhelminths are further classified into cestodes

(tapeworms) and trematodes (flukes). They are relatively large (>1

mm) in size and have well-developed organ systems. Helminths are

distributed widely across continents, and its infection rate is higher

and alarming among poor countries. According to one estimate, more

than a quarter of the world's population is facing the threat of

helminthic infections, causing substantial disease burden and

associated disabilities (1). Among the helminths infecting humans,

Taenia spp. (T. solium and T. asiatica) are the prominent ones.

According to a recentWorld Health Organization (WHO) estimate, a

total of 2.56–8.30 million individuals have symptomatic or

asymptomatic neurocysticercosis (NCC) globally (2). Even though a

large proportion of the population have been infected and high

morbidity is associated with this infection, it falls under the

neglected tropical disease (NTD) classification of the WHO list due

to the lack of interest shown towards this disease from local

authorities and pharmaceutical companies. It is mainly prevalent in

economically poor regions across the globe, such as in sub-Saharan

Africa, Latin America, and Asia. Taenia spp. infection is widely

recognized as endemic (3–6).

T. solium and T. asiatica are the primary Taenia spp. that infect

humans, whereas T. saginata infects cattle or may infect

immunocompromised humans. T. solium is primarily endemic in

various countries across the world, while T. asiatica is more

indigenous in Asian countries such as Thailand, India, China, and

Indonesia (7–10). Adult tapeworms of T. solium and T. asiatica

species reside in the human intestine for several years and cause

taeniasis. Among these two, T. solium infection is more detrimental

to the host as it may cause NCC. NCC is one of the leading causes of

acquired epilepsy in tropical regions (11, 12). The foodborne

pathogen was the leading cause of death in 2015, resulting in a

considerable total of 2.8 million disability-adjusted life-years

(DALYs) (13). The infection occurs due to the consumption of raw

infected pork, and an infected person can show a diverse range of

symptoms such as diarrhea, loss of appetite, weight loss, and nausea

(14, 15). Taeniasis can cause severe adverse effects in children, causing

malnutrition, weight loss, intellectual disability, and stunted physical

growth (14, 16). However, the cystic form of T. solium causes a more

deadly infection where the cyst invades the host’s different body parts

like muscles, eye, liver, and brain and causes cysticercosis (3, 17, 18).

Cysticercosis could have a more severe impact on the patient’s health

by causing epileptic seizures, paralysis, mood swings, depression, and

death in some rare cases (15, 19–22).

TheWHO has been carrying out mass antihelminthic treatment

using drugs like praziquantel, albendazole, or niclosamide in

endemic countries to reduce the infection incidence and

prevalence (22, 23). However, mass drug administration cannot

be a long-term solution to the problem. Because of the rampant use

of anthelminthic drugs, several incidences of drug-resistant

helminths have been reported, which provides a warning and

raises awareness for future treatment regimens for helminths (24–

26). To completely eradicate these parasites, it requires continuous
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administration of drugs for a prolonged period of time at several

intervals, which is economically expensive and logistically

cumbersome. Thus, there is an urgent need for a human vaccine

against taenia infections to completely eradicate them.

To date, only a T. solium oncospheral protein-based vaccine

(TSOL18) is available for pig cysticercosis, which was reported to

have 90% efficacy and used in endemic regions to passively control

the spread of these parasites in the human population (27–29).

Nevertheless, the vaccination cycle faces significant obstacles due to

the poor economic circumstances and limited knowledge of rural

farmers, impeding the overarching objective of vaccination efforts.

A single person infected with taeniasis sheds 10,000–50,000 eggs

daily by excretion of proglottids in fecal matter, which can re-

establish the infectious cycle in humans and pigs. While there is an

urgent need to emphasize improved sanitation, hygiene practices,

proper cooking of pork, and public health interventions to reduce

the individual risk of Taenia infections, vaccination proves to be an

effective strategy to break the ongoing reinfection cycle and confer

protection to populations at risk.

A single vaccine providing complete protection to humans from

all Taenia spp. infections will be a better strategy. However, attracting

good funding for the development of an NTD-associated vaccine is a

huge challenge. In this research work, we utilized the potential of

immune-informatics along with proteomics and designed a multi-

epitope vaccine by applying subtractive proteomics in vaccine target

mining followed by the reverse vaccinology method. This approach

has been utilized before for designing vaccines for several other

pathogens like Schistosoma spp., Ascaris spp., and filarial worms

(30–33). We investigated the complete proteome of Taenia spp. to

identify highly conserved proteins expressed during infection using an

in silico approach and then confirmed the expression of these proteins

in T. solium cysticercosis infection at the cysticerci stage. After

predicting the B- and T-lymphocyte epitopes, we separated non-

toxic, highly antigenic, and non-allergic peptide epitopes from non-

antigenic, toxic, and allergic peptides for vaccine construction. The

manufactured vaccine was modeled and characterized for different

biological parameters such as physicochemical properties. We also

verified the quality of the modeled protein and interaction with host

innate immune receptors.
2 Materials and methods

2.1 Antigen preparation

T. solium cysts were isolated from naturally infected pork; cyst

wall (CW) protein and crude lysate (CL) were prepared according

to previously published protocols (34). Briefly, isolated viable cysts

from naturally infected swine were washed with chilled phosphate

buffer saline (PBS) (Sigma-P4417; supplemented with 1%

antibiotic–antimycotic; Gibco-15240062). The CW was separated

from the cysts under aseptic conditions. The isolated whole cysts

and collected CW were crushed in a pestle and mortar under liquid

nitrogen separately for the preparation of CL and CW. The

obtained powder for CL and CW was then resuspended in chilled

PBS supplemented with protease inhibitor (Abcam-GR3281688-1),
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sonicated, and ultra-centrifuged to settle down the insoluble

fractions. Supernatants were collected for CL and CW, aliquoted,

and stored at −80°C until further used.
2.2 In-gel trypsinization and matrix-
assisted laser desorption ionization

The CL and CW fractions were resolved on 10% SDS-PAGE and

stained with Coomassie brilliant blue, and the protein bands for CW

and CL were cut using a clean scalpel and small pieces were collected

in a freshly prepared 50 mM ammonium bicarbonate (ABC) solution

until the gel turned colorless. Protein bands were washed with 50%

acetonitrile (ACN) in 50 mMABC to shrink the volume of gel pieces.

The dried gel fragments were treated with 10 mM dithiothreitol

(DTT) for 15 min at 56°C for reduction, followed by alkylation with

55 mM iodoacetamide (IAA) in the dark at room temperature for 20

min. Before putting the gel pieces in trypsin solution, they were

washed with 50% ACN in 50 mM ABC solution and later incubated

in trypsin solution overnight at 37°C. Finally, the digested protein

peptides were extracted in a small volume of 50% ACN along with 1%

trifluoroacetic acid (TFA) solution twice by sonicating and

centrifuging. The peptides obtained were dehydrated using a speed

vacuum and combined witha-cyano-4-hydroxycinnamic acidmatrix

(0.5 µL) before subjecting them to matrix-assisted laser desorption

ionization (MALDI)-TOF/TOF-MS/MS analysis using Bruker

Daltonics equipment. Bio-Tools 3.0 software facilitated a combined

MS and MS/MS search for peptide determination, utilizing the

“MASCOT” search engine (v.2.1; Matrix Science, UK), which uses

the specific limiting factors, such as taxonomy: T. solium (12,467

sequences); trypsin (enzyme), carbamidomethyl (fixed alterations),

oxidation (M), and Glu > pyro-Glu (N-terminal glutamine) (variable

alterations), missed cleavage, 1; MS/MS mass tolerance (0.7 Da);

parent ion mass tolerance (20 ppm); and MS/MS peak filtering,

monoisotopic, and M+ H+. Analyzed proteins meeting Mascot’s

threshold score (p < 0.05), appearing as top hits in the search report,

and showing similarities with more than two peptides, were

considered to be positively identified. Functional annotation of

these proteins was conducted using Blast2GO to categorize them

into cellular, biological, and molecular functions. The resulting GO

terms were then verified manually against the UniProtKB database

(https://www.uniprot.org/), and KEGG pathway analysis (https://

www.genome.jp/kegg/) was performed to confirm the putative

enzymes. Subsequently, the G: profiler tool accessible on the

https://parasite.wormbase.org/index.html was utilized to carry out

gene enrichment analysis.
2.3 Proteome retrieval and identification of
homologous and non-homologous
proteins between Taenia spp. and
humans, respectively

The whole proteome of T. asiatica and T. soliumwas downloaded

from the WormBase ParaSite (https://parasite.wormbase.org/

index.html) server in FASTA format. The BLAST NCBI online
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server was used to sort the conserved proteins between these

species by employing ≥95% identity and e-value < 1e−04 stringent

conditions. Proteins that showed ≥50% homology (and e-value >

0.01) with the human proteome were removed from further analysis.
2.4 Expression of conserved and specific
Taenia spp. proteins at the cyst stage

The in silico identified conserved proteins were filtered for

proteins expressed during the infection. For this, our previously

published proteome of cyst fluid (CF) and excretory–secretory

proteins (ESPs) (35, 36) along with the proteome of CL and CW

from MALDI was screened to confirm the presence of in silico

identified conserved proteins. This step is crucial for the successful

removal of all the proteins that had not been expressed at their

infective stage.
2.5 Functional screening

The expressed proteins were functionally sorted based on their

possible subcellular location such as secretory and membrane. The

fate of a protein is greatly determined by the signal peptide they

express, with some being directed for secretion and transport to the

cell membrane. The Signal P 5.0 (https://services.healthtech.dtu.dk/

services/SignalP-5.0/) online server was used to determine the

presence or absence of signal peptide (37). The presence of

transmembrane helix was predicted using the TMHMM 2.0

(https://services.healthtech.dtu.dk/services/TMHMM-2.0/) server

and Phobius (https://phobius.sbc.su.se/), which further confirmed

their membrane localization property (38) With the DeepLoc

(https://services.healthtech.dtu.dk/services/DeepLoc-2.0/) server,

subcellular locations such as mitochondrial, endoplasmic

reticulum, and the nuclear membrane of the proteins were

predicted (39). Non-classically secreted proteins were predicted

using Outcyte (http://www.outcyte.com/) and SecretomeP

(https://services.healthtech.dtu.dk/services/SecretomeP-2.0/) (40).
2.6 Epitope prediction

2.6.1 Linear B-lymphocyte peptide
epitope prediction

All the secretory and membrane-bound proteins were screened

for B-lymphocyte peptide epitopes utilizing the IEDB-B-cell 2.0

(http://tools.iedb.org/main/bcell/) prediction tool, which works on

Random Forest Algorithms. A threshold of 0.8 was set to ensure the

specificity of the predicted peptides and reduce the false-positive

predictions (41).

2.6.2 Linear T-lymphocyte peptide
epitope prediction

The NetCTL 2.1 server (https://services.healthtech.dtu.dk/

services/NetCTL-1.2/) was employed for the determination of T-

lymphocyte peptide epitopes on all the membrane-bound and
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secreted proteins identified. Cytotoxic T cells interact with the

MHCI molecule binding peptides present on immune cells (33).
2.7 Removal of allergic protein

To evaluate any associated risk of the vaccine, allergic proteins were

separated from the non-allergic proteins. The AllerCatPro 2.0 server

(https://allercatpro.bii.a-star.edu.sg/help.html) screens for proteins

capable of eliciting IgE-mediated reaction (42). It uses a known

dataset of 4,180 allergic proteins obtained from different sources. The

obtained results showed weak and strong evidence to allergenicity. All

the allergen proteins were removed from further analysis.
2.8 Sorting of antigenic and IFN-g-inducing
epitope-containing proteins

The Th1 peptide epitopes were identified as IFN-g-inducing
epitopes; it helps to activate the CD4 T cells and generate a pro-

inflammatory cytokine response that could mount robust immune

response against invading pathogen. The IFNepitope prediction tool

(https://webs.iiitd.edu.in/raghava/ifnepitope/predict.php) works using

a hybrid approach (SVM andMERCI-based prediction) (43). The IFN-

inducing positive epitopes were further evaluated for their antigenicity

using the ANTIGENpro server (https://scratch.proteomics.ics.uci.edu/)

that works on a set offive machine algorithms (32); this further refined

our selection of epitopes.
2.9 Linking of final epitopes to compose a
multi-epitope chimera vaccine

The final predicted small B- and T-lymphocyte epitopes were

connected using GPGPG and AAY linkers, respectively, to compose a

multi-epitope chimera vaccine (31). Owing to their small size, these

peptides cannot provoke a robust immune reaction. To enhance their

immunogenicity, these peptides should be joined together. These

linkers maintain the conformation and functional domains of

predicted epitopes in the structured model.
2.10 Estimation of physical and
chemical properties

The “Expasy ProtParam” online server (https://web.expasy.org/

protparam/) was used to study the biophysical properties of the

constructed vaccine (44). It calculated different properties of the

query protein involving theoretical pI (isoelectric point), molecular

weight, aliphatic index, instability index, and GRAVY index. The

aliphatic index measures the proportionate magnitude of aliphatic

side chains of the aliphatic amino acids (Ala, Val, Ile, and Leu) while

the instability index detects the stability of the protein

experimentally. GRAVY indicates the hydrophobicity of the

proteins that vary from −2 to +2.
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2.11 Structure predictions

2.11.1 Secondary (2D) and tertiary (3D) structures
The planar conformation of the final vaccine construct was

obtained by accessing the PSIPRED tool (http://bioinf.cs.ucl.ac.uk/

psipred/). The PSIPRED protein structure prediction server consists

of three methods, namely, PSIPRED, MEMSAT2, and

GenTHREADER, that collectively work together to predict protein

structure, utilizing its amino acid sequence only (45). The I-TASSER

(Iterative Threading ASSEmbly Refinement) protein structure and

function prediction server (http://zhanglab.ccmb.med.umich.edu/I-

TASSER) was exploited to acquire tertiary structures of the final

construct. Using multiple threading alignment approaches, I-TASSER

recognizes the structural templates from the PDB. Then, complete

structural models are created through a process of redundant

simulations that assemble fragments constantly (46).

2.11.2 3D-modeled vaccine refinement
and authentication

The obtained model was further calibrated using 3Drefine

(https://3drefine.mu.hekademeia.org/) and Galaxy refine servers

(https://galaxy.seoklab.org/index.html) to strengthen the local

attributes of the model. The 3Drefine web server utilizes a

repetitive method consisting of two steps of minimization:

improved H-bond network and minimized energy by employing

a combined physical and knowledge-based force field (47). In

contrast, Galaxy Refine initially reassembles the side chains on

the basis of the highest-probability rotamers, which then stretch to

the surface in a layer-wise fashion (48). The different parameters

such as local quality, overall quality score, and Ramachandran plot

of the final refined model were measured using the ProSA web

(https://prosa.services.came.sbg.ac.at/) and SAVES 6.0 servers

(https://saves.mbi.ucla.edu/) (49).
2.12 Structural B-cell epitope localization
on the modeled protein vaccine

The invading pathogens generate humoral immune response by

interacting with the B-cell receptor on the B lymphocytes. The

ElliPro server was utilized for the detection of discontinuous B-cell

epitopes within the finalized and refined tertiary model structure

(http://tools.iedb.org/ellipro/). It gives the ellipsoid score to each

residue in the structure, also known as the Protrusion Index (PI)

value, and defines the most probable regions that work as

confirmational B-cell epitopes. The amino acid residues with

greater PI scores are linked to higher solvent accessibility, and

they predicted discontinuous B-cell epitopes better (50).
2.13 Proteasomal processing

Proteasomal cleavage peptides were determined by using the

Proteasomal Cleavage Prediction tool of the IEDB server (http://

tools.iedb.org/netchop/) and the Proteasome Cleavage Prediction
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Server of the Immunomedicine group (http://imed.med.ucm.es/

Tools/pcps/). The threshold value was kept at 0.5 in both servers.

These tools are based on neural networks for predicting T-cell

epitopes (51, 52).
2.14 Molecular docking

During T. solium infection, various Toll-like receptors (TLR2,

TLR3, TLR4, and TLR7) are known to be expressed (53, 54). We also

performed the docking studies to validate the direct interactions

between innate immune receptor TLR4 and constructed vaccines by

employing the ClusPro 2.0 server (https://cluspro.org/login.php?

redir=/home.php) (55). We retrieved the 3D structure of TLR4 in

PDB format from the PDB database (“https://www.rcsb.org/”), with

an accession number of 4G8A. This server involves a three-step

computational process. Firstly, it performs docking by exploring

multiple conformations through extensive sampling. Subsequently,

it employs root mean square deviation (RMSD) to cluster the 1,000

lowest-energy structures, which helps to identify the potential

models. Finally, the selected structures undergo refinement through

energy minimization to increase their accuracy and stability (56). To

determine the overall energy and different interactions between the

docked complex, we used the HADDOCK 2.4 server (https://

wenmr.science.uu.nl/haddock2.4/submit/1) and the LigPlot+

software (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/),

respectively (57).
2.15 Molecular dynamics simulations

Molecular dynamics (MD) simulations were executed with the

help of GROMACS (GROningenMachine for Chemical Simulations)

2022.3 version. The PDB file of the vaccine construct, TLR4, and

vaccine-TLR4 docked structures were introduced into MD

simulation. The system was plunged into a cubic enclosure

employing the TIP4P water model and OPLS-AA force field.

Sodium and chloride ions were administered for neutralization

purposes. Furthermore, energy reduction and solvent equilibration

were carried out via NVT (temperature) and NPT (pressure) run for

50,000 nsteps. Finally, MD simulations for 5 crore nsteps (100 ns) was

conducted to create the desired files, i.e., RMSD, root mean square

fluctuation (RMSF), H-bonding, and radius of gyration.
2.16 Immune response generation by the
final refined vaccine model

To confirm the immune reaction induced by the modeled vaccine

construct, we carried out an immune simulation investigation using

the C-ImmSim (10.0) server (https://kraken.iac.rm.cnr.it/C-

IMMSIM/index.php) (58). It estimates different parameters for

both cellular and humoral immune response such as titers of

different immunoglobulins (IgM, IgG1, and IgG2), the T-

lymphocyte population (Th1 and Th2), and the cytokines released.

For simulation, we opted for three injection volumes, each
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comprising 10 µL, administered at intervals of 0, 84, and 164 days.

The modeling process involved increments of 1,000 steps (58).
2.17 Cloning of constructed protein
vaccine in pET28a

In silico cloning was performed to design a viable plasmid

construct containing the peptide vaccine within an expression

vector for potential vaccine production. Initially, the amino acid

sequence of the vaccine was reverse-translated into nucleotides

using the reverse translation tool available on the Sequence

Manipulation Suite server (https://www.bioinformatics.org/sms2/).

Next, codon optimization was performed utilizing the Java Codon

Adaptation Tool (JCat) (https://www.jcat.de/) to improve the

expression efficiency of the vaccine design (59). This optimization

process yields two key outputs: the Codon Adaptation Index (CAI)

and the % GC content. Optimal expression of the vaccine requires the

CAI value to fall within the range of 0.2 to 1.0, while the % GC

content should ideally range between 30% and 70% (59, 60).

Following optimization, the nucleotide sequence was then in silico

cloned into the pET28b vector, thus preparing it for the expression

within the bacterial Escherichia coli k12 system. This is required

to design a proficient cloning approach for the prospective

vaccine candidate.
2.18 Ethics statement

All the work was performed after approval from the Institute

Ethics Committee, Animal Ethics Committee (IIT/IAEC/2023/

003), and Institute Biosafety Committee of IIT Mandi.
3 Results

3.1 Identification of cyst proteins
(CL and CW)

The CBB-stained proteins of cyst isolated proteins (CL and

CW) showed multiple bands with molecular weight varying from 10

to 250 kDa (Figure 1A). MALDI data analysis was carried out using

the MASCOT server. We found 189 proteins in CL and 402 proteins

in CW. The molecular weight of the proteins identified in CL varies

from 20 to 160 kDa, whereas CW protein’s molecular weight varies

from 20 to 250 kDa. The calculated theoretical pI of both CL and

CW proteins lies between 2 and 15 (Figure 1B).
3.2 Proteome retrieval and identification of
homologous and non-homologous
proteins between Taenia spp. and
humans, respectively

T. solium has 12,481 protein sequences while T. asiatica

has a slightly higher number of proteins, 13,161. Both species had
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1,393 conserved proteins with ≥95% identify and <1e−04 e-value

in their proteome. After removing 942 proteins with

shared homology to humans, we proceeded with 451 non-

homologous proteins.
3.3 Checking the expression of conserved
and specific Taenia spp. proteins at the
cyst stage

To confirm the expression of these adult tapeworm proteins

during infection, 451 non-homologous proteins were screened. We

screened T. solium MALDI data for CL and CW and LC-MS/MS

data of CF of ESP. We found that 141 proteins were expressed by

the cysticerci (Supplementary Table S1). This step helped us to

identify proteins of relevance during infection as they are present at

the cystic (pathologic) stage and to eliminate the rest of the proteins

from further analysis.
3.4 Functional screening

The subcellular locations of expressed proteins were predicted

using various tools, and we confirmed the presence of 22

membrane-bound and 74 secretory proteins. We predicted and

confirmed the localization of membrane proteins using Phobius,

TMHMM 2.0, and DeepLoc and sorted 22 membrane proteins,

while two other software, Outcyte and SecretomeP 2.0, along with

DeepLoc confirmed the secretory nature of 74 expressed proteins.

Proteins that were not predicted as membrane-bound or secretory

(45) were discarded from further analysis.
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3.5 Epitope prognosis

3.5.1 Linear B-lymphocyte and T-lymphocyte
peptide epitope prognosis

The analysis focused on highly conserved membrane and

excretory proteins to identify the B- and T-lymphocyte peptide

epitopes using IEDB-B-cell 2.0 and NetCTL 2.1 prediction tools,

respectively. The seven membrane proteins showed both B- and T-

cell epitopes above the 0.8 threshold value, while 17 excretory

proteins had B- and T-cell epitopes above the 0.7 threshold value.
3.6 Removal of allergic proteins

To ensure the safety of vaccine for human use, it is essential that

a vaccine candidate does not cause any adverse reactions. Based on

the allergenicity potential, i.e., eliciting IgE-mediated response in

the host, three membrane and six secretory proteins were removed.

Finally, 4 membrane and 11 secretory non-allergic proteins were

selected for further analysis.
3.7 Sorting of antigenic and IFN-g-inducing
epitope-containing proteins

The predicted T-cell epitopes were also analyzed for their

potential to activate the IFN-g signaling pathway, which could

also stimulate B cells for antibody production and help in

parasite elimination. Two membrane (TsM_000707200 and

TsM_000606600) and four secretory (TsM_000558000,

TsM_000774000, TsM_000828800, and TsM_000836300) proteins
A B

FIGURE 1

Protein separation on SDS gel and protein analysis. (A) Polyacrylamide Gel stained with Silver Nitrate showing the isolated proteins in band patterns.
(B) Different Physicochemical Parameters of Proteins identified during the study. (i and iv) – Molecular Weight ranges in CL and CW respectively. (ii
and v) – GRAVY Indices of proteins found in CL and CW respectively. (iii and iv) – Isoelectric Points of the proteins found in CL and CW respectively.
[CL, Crude Lysate; CF, Cyst Fluid; CW, Cyst Wall; ESP, Excretory Secretory Proteins and MW, Molecular Weight Marker].
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were highly antigenic proteins with IFN-g-inducing epitopes and

were studied further.
3.8 Linking of final epitopes to compose a
multi-epitope chimera vaccine

A total of 18 peptides predicted to be B- and T-lymphocyte

epitopes, with positive IFN-g-inducing properties (Table 1), were

connected using GPGPG and AAY linkers, respectively, to make a

stable multi-chimeric protein vaccine. These epitopes are conserved

in Taenia spp. (Figure 2). At the N-terminal, an adjuvant (b-
defensin) was attached to an EAAAK linker to elevate the

immunogenicity of the resultant vaccine as it can recruit more

immune cells at the site of vaccination. The built vaccine construct

consisted of 344 amino acid residues, the sequence for which is

given below:

MRVLYLLFSFLFIFLMPLPGVFGGIGDPVTCLKSGAIC

HPVFCPRRYKQIGTCGLPGTKCCKKPEAAAKETDVI

LMCFAAYSEKWTAEVAAYRALAELSKFAAYFLVAFPTDYA
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AYEPYYNEPGFEKITNPRASAHYNEMAAYVPSLRTWRRG

MLIRAAYDPAQADAYTLFIQNRGPGPGSAQAYQLAYD

ES IGPGPGQKGSNDGTGPGPGKENAKLTQPPDGP

GPGDVMERKASFPDGPGPGLEQYEDYLGPGPGRYSFS

LTGPGPGKFNSELIDESSISGPGPGKRYNDKLELEGPGP

GRVLQPSE IKGPGPGQFPEVYVPTVFGPGPGGQED

YDRLRPLSY.
3.9 Physical and chemical properties

The Expasy ProtParam server was utilized to estimate various

biophysical properties of the construct, revealing a molecular weight

of 37 kDa with a theoretical pI value of 5.64. The high molecular

weight of the vaccine increases its recognition by the immune

system. The low instability index of 32.22 (as per literature, it

should be less than 40) confirmed its stability, whereas a relatively

high aliphatic index, 62.76, marked its thermal stability. The

constructed vaccine had a negative GRAVY score of −0.403,

suggesting its hydrophilic nature. The observed half-life of the
TABLE 1 The list of predicted epitopes used to construct a multi-epitope vaccine against the Taenia spp. infections.

S.
no.

Taenia
solium

Taenia
asiatica

Epitope
list

Predicted
epitopes

MHC class
I/II

IFN g B-
cell
epitopes

Location

1 TsM_000707200 TASK_0000943701 #1 ETDVILMCF I Yes NA Membrane

#2 YVPTVFENY I Yes NA Membrane

#3 ISEKWTAEV I Yes NA Membrane

#4 AAQIGAYGY I Yes NA Membrane

2 TsM_000707200 TASK_0000991701 #1 ETDVILMCF I Yes NA Membrane

#2 YVPTVFENY I Yes NA Membrane

#3 ISEKWTAEV I Yes NA Membrane

#4 AAQIGAYGY I Yes NA Membrane

#5 RALAELSKF I Yes NA Membrane

3 TsM_000558000 TASK_0000655701 #1 VPSLRTWRRGMLIR II Yes NA Secretory

4 TsM_000774000 TASK_0000802701 #1 FLVAFPTDY I Yes NA Secretory

#2 RASAHYNEM I Yes NA Secretory

#3 EPYYNEPGFEKITNPR II Yes NA Secretory

5 TsM_000828800 TASK_0000638801 #1 TPPKCKFEPPLFHPN II Yes NA Secretory

#2 DPAQADAYTLFIQNR II Yes NA Secretory

6 TsM_000836300 TASK_0000589101 #1 SAQAYQLAY I Yes NA Secretory

#2 SLLIAGWDY I Yes NA Secretory

#3 YNSNRAYLY I Yes NA Secretory

#4 SAQAYQLAY I Yes NA Secretory

#5 GVSLLIAGW I Yes NA Secretory

7 TsM_000707200 TASK_0000943701 #1 QFPEVYVPTVF NA NA Yes Membrane

(Continued)
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developed vaccine was 30 h for mammalian cells, >20 h for

Saccharomyces cerevisiae (in vivo), and >10 h for Escherichia coli.

These properties confirmed that the designed vaccine structure

is stable.
3.10 Structure predictions

3.10.1 Secondary and tertiary structures
The probable 2D structures of the constructed model was

measured by PSIPRED, and it consisted of 30% a-helix, 20% b-
sheet, and 50% coils (Figure 3). The proteins were folded into stable

and conformational 3D structure to perform differential functions.

I-TASSER gave the top five models with different parameters, and

the first model had the best parameters as compared to the other

four based on C-score and RMSD value, which showed the closest

resemblance to the experimental structure. The C-score (which

ranges from −5 to 2) refers to the confidence that measures the

quality of the predicted models by I-TASSER. The top-ranked

model had a −3.48 C-score and a 15.1 ± 3.5 Å RMSD score and
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was further refined to reduce the overall energy and stabilize the

overall structure.

3.10.2 3D-modeled vaccine
The obtained 3D structure of the constructed vaccine was

further refined firstly using the 3Drefine server and then the

Galaxy Refine server. It gave the top five refined models, which

were further validated by measuring different parameters such as

overall quality measured with Z-score, local quality, and

Ramachandran plot analysis (Figure 4). The overall quality of the

best model vaccine construct was estimated to be about −7.49. This

also showed its 3D resemblance with experimentally proven x-ray

crystal structures (Figure 4B). The dark green line in local quality

confirmed the overall negative energy of the 3D structure, which

further confirmed the stability of the 3D structure of the designed

vaccine (Figure 4C). In the Ramachandran plot, we found that

94.9% of amino acids lie in the favored and additionally favored

region collectively, and only 4.7% of amino acids were in the

disallowed region, which confirmed that the formed 2D structures

such as a-helix, b-sheets, and turns were stable and were not having
TABLE 1 Continued

S.
no.

Taenia
solium

Taenia
asiatica

Epitope
list

Predicted
epitopes

MHC class
I/II

IFN g B-
cell
epitopes

Location

#2 GQEDYDRLRPLSY NA NA Yes Membrane

#3 SEKWTAEVKHFC NA NA Yes Membrane

#4 KKSKKKR NA NA Yes Membrane

8 TsM_000707200 TASK_0000991701 #1 QFPEVYVPTVF NA NA Yes Membrane

#2 GQEDYDRLRPLSY NA NA Yes Membrane

#3 SEKWTAEVKHFC NA NA Yes Membrane

#4 KKSKKKR NA NA Yes Membrane

9 TsM_000606600 TASK_0000897601 #1 TEFTNPL NA NA Yes Membrane

#2 LADKRKVTTEEG NA NA Yes Membrane

10 TsM_000558000 TASK_0000655701 #1 QKGSNDGT NA NA Yes Secretory

#2 VPSLRTWR NA NA Yes Secretory

#3 KENAKLTQPPD NA NA Yes Secretory

11 TsM_000774000 TASK_0000802701 #1 IGTWSGPQWSPI NA NA Yes Secretory

#2 DVMERKASFPD NA NA Yes Secretory

#3 LEQYEDYL NA NA Yes Secretory

12 TsM_000836300 TASK_0000589101 #1 RYSFSLT NA NA Yes Secretory

#2 KFNSELIDESSIS NA NA Yes Secretory

#3 QLAYDESI NA NA Yes Secretory

#4 EYTQSGGVR NA NA Yes Secretory

#5 KRYNDKLELE NA NA Yes Secretory

#6 RVLQPSEIK NA NA Yes Secretory
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any steric hinderance (Figure 4D). Vaccine construct has also been

found to be stable and reliable as per the 3D/1D ratio and ERRAT

score (Supplementary Figure 1).
3.11 Structural B-cell epitope localization
on the modeled protein vaccine

The B-cell receptors are present on B lymphocytes and interact

with conformational B-cell epitopes on intact antigenic proteins.

The ElliPro server located B-cell epitopes on the constructed model

and found 68 residues with a score above the 0.7 threshold value

(Supplementary Table S2), and collectively, these residues in a

three-dimensional protein structure served as B-cell epitopes

(Figures 5A, B).
3.12 Proteasomal processing

To confirm the activation of cytotoxic T lymphocytes with our

vaccine design, we performed proteasomal processing. A total of
Frontiers in Tropical Diseases 09
104 proteasomal and 130 immunoproteasomal cleavage sites were

identified during analysis with the Proteasome Cleavage Prediction

server. The Proteasomal Cleavage Prediction tool of the IEDB server

detected a total of 121 cleavage sites (Figure 5C).
3.13 Molecular interactions with
immune receptors

The innate immune receptors such as pattern recognition

receptors (PRRs) primarily detect the invading pathogens and

initiate the immune response against them to eradicate. The TLRs

are the major PRRs that are present on the immune cells to recognize

the pathogen-associated molecular patterns (PAMPs) present on the

pathogens. In patients with NCC, TLR4 expression was reported to

be upregulated, and it plays an important role in the epileptogenesis

via inflammation in response to the immune activation initiated to

clear parasites from the body (54). The biological importance of the

modeled vaccine was validated by its stable interactions with TLR4.

The ClusPro server was employed to determine interactions; it gave

the 10 top interacting models with variable levels of binding energy.
FIGURE 2

The aligned conserved peptides found in Taenia solium (TsM) and Taenia asiatica (TASK) with epitope predictions in high statistical confidence range
used to construct the multi-epitope vaccine. b-defensin is attached to the N-terminal with the help of an EAAAK linker to design the final product.
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FIGURE 3

A graphical representation of the predicted secondary structure elements from the PSIPRED view tool, showing a-helix, b-sheet, and coils with
percentages of 30%, 20%, and 50%, respectively.
A B

DC

FIGURE 4

The final validated structure of the designed vaccine. (A) The refined 3D structure of the vaccine construct obtained from the I-TASSER server,
visualized with PyMOL software. (B, C) Structural validation through the ProSA web tool showing a Z-score of −7.49 showing a great overall quality
of the structure. (D) Ramachandran plot analysis by the SAVES 6.0 server unveils that 75.6% of amino acids resides in the most favored region, 19.7%
falls under the allowed region, whereas 4.7% amino acids lie in the disallowed region, respectively.
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The best model with the lowest binding energy and that made

several stable interactions like hydrogen bonds, hydrophobic bonds,

and salt bridges between the vaccine and TLR4 was visualized

with the Ligplot+ server (Figure 6). Next, the HADDOCK

server was employed to select the best-docked complex based on

RMSD and energy information (Supplementary Table S3).

HADDOCK clustered 154 structures in 13 clusters, which signifies

77% of water-refined models. The docked structure was visualized

with PyMOL, whereas Ligplot was utilized to identify residual

interactions. HADDOCK score and energy graph (electrostatic

energy and van der Waals energy) details are also provided in

Supplementary Figure 2.
3.14 Molecular dynamics simulations

MD simulations were carried out using the GROMACS server

for 100 ns to estimate the stability between the constructed vaccine

and TLR4. It calculated the RMSD, radius of gyration (Rg), and

number of hydrogen bonds for the docked complex. The RMSD

plot of the docked structure has a value of 5 ± 0.05 Å, indicating a

stable complex (Figure 7A). The stability of the structure is

consistent throughout the 100-ns simulation. The Rg value, which

represents the density of the structure, was approximately 3.12 ±

0.05 for the initial 20 ns and then reduced to 3.08 ± 0.05 and

remained almost constant (Figure 7B). Strong hydrogen bonding

further reinforced the compactness of the structure (Figure 7C).
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Overall, the complex assembled between the vaccine and the

receptor demonstrates robust stability and interplay. This implies

that the vaccine possesses the capability to bind to the receptor with

potent interactions, leading to the elicitation of a substantial

immune response.
3.15 Immune simulation

Enhanced secondary and tertiary immune responses were

observed in an in silico injection scenario. There was an elevated

concentration of combined IgM+IgG, IgG1+IgG2, IgG1, and IgM

antibodies (Figure 8) with increased B-cell population (especially

the memory B cell), T-helper, and cytotoxic cells. Molecules related

to robust immune response, particularly TGF-b, IL-2, and IFN-g,
were also elevated, whereas no allergic response was detected

(Supplementary Figure 3). These observations indicate that this

vaccine structure is capable of generating a strong immune

response, characterized by a sustained humoral reaction.

Additionally, it is anticipated to be free from any allergic responses.
3.16 Cloning of the constructed protein
vaccine in pET28b for high expression

The protein sequence of the final modeled vaccine was reverse

translated to DNA and then engineered for enhanced expression in
A B

C

FIGURE 5

Predicted B-cell epitopes via the ElliPro server and proteasomal cleavage sites. (A) B-cell epitopes are represented in the form of a graph where
threshold value was kept 0.5. The X-axis depicts the amino acid position, whereas the Y-axis depicts the score. (B) Discontinuous B-cell epitopes
(yellow) in a 3D representation. (C) NetChop prediction of proteasomal cleavage sites predicted through the IEDB server. Here, threshold was 0.5
and the green color represents the positive predictions.
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the K12 (E. coli) strain. This process resulted in an enhanced CAI

value of the initial sequence from 0.577 to 1.0 and GC% content

from 62.421% to 54.494%. The final DNA sequence was composed

of 6,401-bp nucleotides, and it was inserted between the HindIII

and NotI site within the pET28a vector through in silico

cloning (Figure 9).
4 Discussion

The immune-informatics approach offers a fast and reliable

platform to identify targets and construct vaccine in a resource-

efficient and cost-effective manner (61–63). Multi-subunit vaccines

offer greater flexibility in vaccine design, allowing for the

incorporation of multiple antigens or epitopes from different

strains or variants of a pathogen. This flexibility enables the

development of vaccines that provide broad protection against

diverse strains or even multiple pathogens simultaneously. This

approach has shown success in designing suitable vaccine

candidates against viral, bacterial, and helminthic infections (64–
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67). In our previous study, we have identified 57 unique T. solium

proteins from the whole proteome using the immune-informatics

approach alone and chosen two highly antigenic proteins to build a

multi-epitope vaccine (68). However, in this investigation, we aimed

to identify the conserved proteins expressed by the Taenia genus (of

human importance) using bioinformatics. Taenia spp. share

similarity in genome sequences, and it is reflected in their shared

physical morphology; for instance, both T. solium and T. asiatica

adult tapeworms have four suckers, with the former having a

rostellum containing two rows of hooks and the latter having

rudimentary hooklets in a wart-like formation (69). Because of the

semblance in the morphology, sometimes parasitologists are not able

to morphologically differentiate T. solium infection from T. asiatica

infection, and vice versa, and this requires testing at the molecular

level (70–73). There have been reports highlighting cysticercosis

infection caused by T. solium that might actually have been

caused by T. asiatica; this required a detailed study for better

understanding (10, 74–76). Given the present circumstance of

widespread infection of taeniasis or cysticercosis, species

identification adds another challenge to the existing problem.
frontiersin.or
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FIGURE 6

(A) The interaction between TLR4 (Yellow) and vaccine (Red) construct having the lowest binding energy confirmed the biological importance of the
constructed vaccine. The docked structure is visualized through PyMOL software (B) Ligplot+ confirming the various types of interactions in the
complex. Dark green represents the hydrogen bonds, and dark red and blue bars represent the hydrophobic interactions.
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Hence, it is prudent to vaccinate against both species. The shared

genome provided valuable advantage, as it contained conserved

proteins that formed the basis of our study. The proteome of both

Taenia spp. was analyzed to find conserved proteins for our vaccine

construct. To identify the conserved protein of importance in

infection, we identified T. solium cyst stage-specific proteins by

performing MALDI on T. solium CL and CW proteins and also

retrieved the proteome data of CF and ESP from our previous

published data (36).

The shortlisted proteins underwent a screening process as

outlined above and were assessed for their efficacy and safety for

human use. Since a vaccine should not result in unwanted response in

host, the predicted peptide epitopes were evaluated for their

allergenicity and toxicity (77–79). Next, we linked the non-allergic,

non-toxic B-cell and T-cell epitopes of highly antigenic proteins using

GPGPG and AAY linkers, respectively, as a single small peptide

epitope cannot generate a strong immune response in the host
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body. The GPGPG linker was specifically used for B-cell epitopes

as this promotes the breaking of junctional immunogenicity,

which leads to the restoration of immunogenicity of the individual

epitopes. MHC-I epitopes were joined by the AAY linker, as this

linker provides the cleavage site for the proteasomes in mammalian

cells. Therefore, epitopes joined using the AAY linker are separated

effectively within the cells, thereby reducing the junctional

immunogenic ity . The AAY linker also increases the

immunogenicity of the multi-epitope vaccine.

The large antigenic protein can successfully be recognized by the

host immune system and activate the immune reactions (80, 81).

Furthermore, secondary and tertiary structures of the build primary

sequence of the vaccine were determined using the PSIPRED tool and

the I-TASSER server, and these predicted structures were further

validated by measuring different parameters like local and overall

quality score. The final refined model was used for docking

studies to confirm the biological importance of the resultant
A B

C

FIGURE 7

(A) The RMSD plot obtained after performing MD simulations shows the stability of the docked complex. The RMSD values are fluctuating during the
initial nanoseconds but becomes stable after 10 ns. (B) The plotted radius of gyration demonstrates the compactness of the vaccine–receptor
complex. The Rg value is obtained in nm and determines the average distance between the docked complex and their center of mass. (C) The H-
bond plot showing the number of hydrogen bonds formed between the receptor and designed vaccine across the simulation period.
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vaccine, and the low free binding energy of the complex validated the

stable interactions between the TLR4 and vaccine with the help of

tools like Cluspro, HADDOCK, and Ligplot+. Moreover, we

performed MD simulations that demonstrate that the designed

vaccine candidate can interact with the receptor with great stability

and compactness. Innate immune response plays a crucial role

in combating helminthic/extracellular infections, and TLRs serve as

the key receptors, which are expressed by the immune cells to

recognize the pathogens. The C-ImmSimm server was exploited to

validate the immunoreactivity of the vaccine candidate. Immune

simulation unveiled the increased level of immunoglobulins such as

IgM and IgGs (IgG1 and IgG2) after a periodic exposure to

antigens. Increased expression of cytokine level like TGF-b, IL-2,
and IFN-g represents good humoral response along with elevated B-

and T-cell populations. We also performed in silico molecular

cloning of our vaccine construct for subsequent downstream

processes. Docking studies of the constructed vaccine with TLR

validated the in vivo application of the vaccine. However, it needs

experimental validation to confirm the protection efficiency of the

constructed vaccine. Despite the significant advances in the

bioinformatics-based vaccine design that are very accurate and

effective, immune-informatics has its limitations. One of the major
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shortcomings of immune-informatics is the difficulty in selecting an

appropriate animal model to validate the findings of potential vaccine

candidates. Additionally, this approach can easily identify linear and

non-linear epitopes. Yet, some of the predicted epitopes may remain

hidden deep inside the target protein, making them challenging in

terms of recognition by antibodies under in vivo conditions (82). The

precision of the immunoinformatic approach is constrained by the

proficiency and consistency of the algorithms. Therefore, in vitro and

in vivo studies are required to validate the true efficacy of the designed

vaccine for Taenia.
5 Conclusion

Soil/water-transmitted helminths are considered as neglected

tropical diseases by the WHO due to their widespread prevalence

in the developing countries of the world. Taenia spp. imposes a

significant threat to the human race due to the unavailability of

readily available diagnostic tools and vaccines for effectively

preventing infections in populations at risk. In this study, we

utilized bioinformatics and proteomics tools to identify a potential

protein vaccine candidate for human use. We constructed a multi-
A B

D E F

C

FIGURE 8

C-ImmSimm-based prediction of immune response after administration of the constructed B-cell vaccine for 350 days post-vaccination by the
designed vaccine. (A) Vaccine injection leads to elevated immunoglobulin production, indicating immune response. (B) B-lymphocyte counts
following the vaccine injection give an overview of the immune reaction evoked by the vaccine. (C) T-helper lymphocyte count increased at the
time of vaccine injection, though the cell count decreases as the concentration of vaccine decreases. (D) The evolution of T-cytotoxic lymphocytes
with each vaccine injection, marking their potential role in immune response generation. (E) Total TH cell population is markedly increased at every
injection. However, the change in TH memory cell count over time depicts their increased population exclusively after the third injection.
(F) Cytokine concentration that evolved during vaccine injections shows the presence of humoral immune response.
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epitope chimera vaccine by linking together conserved epitopes

expressed by T. solium and T. asiatica and evaluated it across a

range of parameters. Our study yielded a vaccine construct of optimal

performance. We anticipate that our modeled vaccine will

demonstrate promising efficacy against Taenia spp.
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FIGURE 9

In silico cloning of optimized nucleotide sequence of the constructed vaccine in pET28a+ vector plasmid (constructed in Snapgene 6.0 software),
expressed between NotI and HindIII restriction sites. The nucleotide sequence of the vaccine is indicated by the red color in the vector plasmid.
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