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Abstract

Rise of life-threatening superbugs, pandemics and epidemics warrants the

need for cost-effective and novel pharmacological interventions. Availability of

publicly available proteomes of pathogens supports development of high-

throughput discovery platforms to prioritize potential drug-targets and develop

testable hypothesis for pharmacological screening. The pipeline builder for

identification of target (PBIT) was developed in 2016 and updated in 2021,

with the purpose of accelerating the search for drug-targets by integration of

methods like comparative and subtractive genomics, essentiality/virulence and

druggability analysis. Since then, it has been used for identification of drugs

and vaccine targets, safety profiling of multiepitope vaccines and mRNA vac-

cine construction against a broad-spectrum of pathogens. This tool has now

been updated with functionalities related to systems biology and immuno-

informatics and validated by analyzing 48 putative antigens of Mycobacterium

tuberculosis documented in literature. PBITv3 available as both online and off-

line tools will enhance drug discovery against emerging drug-resistant infec-

tious agents. PBITv3 can be freely accessed at http://pbit.bicnirrh.res.in/.
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1 | INTRODUCTION

The emergence of multi-drug resistant pathogens necessi-
tates the need to increase the repertoire of anti-infective
agents and their targets. Although, several approaches

such as comparative and subtractive genomics, essential-
ity/virulence and druggability analysis are used for novel
target prediction; a software that integrates the workflow
for high throughput screening and analysis was lacking.

This prompted our team to develop an online webser-
ver named Pipeline Builder for Identification of Targets
(PBIT), in 2016, which incorporated several in silico
approaches to screen microbial proteomes for high-
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throughput prediction of drug targets such as non-
homology analysis against human proteome, anti-target,
and gut-microbiota; essentiality and virulence analysis,
druggability analysis and determination of functional and
pathway attributes of these targets (Shende et al., 2017).
Recently, topological network analysis and metabolic flux
analysis using genome-scale metabolic models (GSMMs)
have gained importance in prioritizing targets in patho-
gens like Bacillus cereus, Mycobacterium tuberculosis,
Plasmodium falciparum, Klebsiella pneumonia, etc. (Anis
Ahamed et al., 2021; Zhu et al., 2022) Therefore, we
developed an offline version of PBIT (v2) in 2021,
wherein the pipeline was extended to incorporate net-
work-based and metabolic systems biology-based
approaches in target identification. The application of off-
line PBIT modules was confirmed by validating targets
identified from Candida albicans and Candida tropicalis
proteomes using published literature and in vitro
methods (Mukherjee et al., 2021).

For pathogens that significantly affect human health,
development of vaccines by reverse vaccinology is an
attractive option. Given the widespread availability of
genomic data for many pathogenic organisms, sequence-
based screening for antigenic features is a feasible
approach. Hence, we have now developed PBITv3;
wherein, an immuno-informatics module has been intro-
duced that can screen target sequences based on its anti-
genicity or ability to mount B-cell or T-cell based
immune response. We have also updated the background
databases and algorithms in PBITv3 for additional func-
tionalities (Table 1).

2 | FRAMEWORK AND
FUNCTIONALITIES

PBITv3 is available as web-based as well as command
line-based tool that is compatible with Windows 10 and
above. The tool was developed using PERL(v5.32), Bio-
Perl (v1.007001), Python (v3.7) and R (v4.0.3) and BLAST
+ 2.13.0 executables. A brief description of all the mod-
ules in PBITv3 (Figure 1) is given below.

2.1 | Screening and characterization
module

Using this module, proteome of pathogens (up to
500 sequences) can be concurrently screened using sub-
tractive genomics methods, and subsequently annotated
based on sequence similarity with curated databases. The
sequence similarity of the input sequences to queried
databases is computed using BLASTp.

2.1.1 | Non-homology against human
proteome, human anti-target, gut microbiota

These sub-modules help to screen out sequences that
share close sequence similarities with human proteome
(UP000005640), anti-targets and gut microbiome. The
human proteome consists of 42,432 protein sequences as
per UniProt Proteomes (TU Consortium, 2023) (as on
August 28, 2023); of which 20,408 are canonical
sequences and rest are isoforms. Anti-targets are human
proteins that can trigger unwanted side effects under the
influence of a drug and hence should not be targeted.
This list has been compiled from literature (Kowalska
et al., 2020; Lagunin et al., 2018; Zianna et al., 2022; Gar-
cia-Sosa, 2018; Cavalluzzi et al., 2020) and consists of
484 protein sequences. The database for gut microbiota
consists of referenced proteome sequences (504,580
sequences) from UniProt and RefSeq databases of
147 microbes curated from literature (Appendix S1).

2.1.2 | Essentiality and virulence analysis

An essential or virulent protein are crucial for pathogen's
survival or pathogenicity. Through PBIT, such proteins
can be predicted based on sequence similarity to essential
proteins in other bacteria, eukaryotes or archaea sourced
from Database of essential genes (DEG v15) (Luo
et al., 2021), and virulent proteins (sources: DFVF (Data-
base of fungal virulence factors)) (Lu et al., 2012) and
VFDB (Virulence factor database) (Liu et al., 2022).

2.1.3 | Broad spectrum analysis

This sub-module helps to identify poly-microbial drug
targets that have homologs in multiple pathogens. These
targets are important for development of broad-spectrum
drugs to treat multiple infections. The database for
broad-spectrum analysis comprises of UniProt referenced
proteomes of 520 pathogens (except commensals) as cate-
gorized by CDC (Centre for disease control) on January
1, 2023.

2.1.4 | Homology to host–pathogen
interactome

Pathogen proteins that interact with host play an impor-
tant role in infection, invasion and induction of host
immune response. Such proteins are ideal targets for
therapeutic interventions. This sub-module helps to
shortlist proteins that share sequence similarity with
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microbial proteins that are involved in host interaction,
based on the data available in Host–Pathogen Interaction
Database (HPIDB) 3.0 (Ammari et al., 2016), Pathogen–
Host Interaction (PHI)-BASE 4.15 (Urban et al., 2021)
and PHISTO (Durmuş Tekir et al., 2013) databases.

2.1.5 | Annotations—structure, function and
ontology

The sequences are mapped to the UniProt database to
extract information on 3D-structure, functional attributes
and ontology terms.

2.1.6 | Kegg pathway mapping (pathogen
vs. human)

It is important to identify drug targets that participate in
pathogen specific pathways for minimum side effects.
This sub-module identifies the metabolic pathways asso-
ciated specifically with the pathogen proteins by mapping
the sequences to KEGG database (Kanehisa et al., 2023).

2.2 | Druggability analysis

The druggability of targets is predicted based on sequence
similarity of pathogen proteins to experimentally vali-
dated druggable proteins of DrugBank 5.0 (Wishart
et al., 2018), Therapeutic Target Database (TTD) (Zhou
et al., 2023) and ChEMBL (Mendez et al., 2019) data-
bases. This module also provides information on

potential drugs or small molecules for these targets, based
on the data available in these databases.

2.3 | Immunoinformatics analysis

Effective immunization against infectious diseases is
achieved through adaptive immunity that comprises of
antigen-specific T cell and B cell mediated response. The
sub-modules can be used to predict antigenic regions
within a protein sequence as well as to identify B- cell
and T-cell specific epitopes in the sequence.

2.3.1 | Antigenicity prediction

This sub-module offers alignment-based as well as align-
ment-free methods for antigenicity prediction. The align-
ment-based method compares protein sequences with
experimentally validated bacterial protective antigens
derived from Protegen (Ong et al., 2017) database
through BLASTp alignment scores. The alignment-free
method uses Vaxijen 3.0 (Doytchinova & Flower, 2008)
which transforms protein sequences into property-based
vectors for antigen prediction. Users can opt for consen-
sus based prediction of antigenic protein sequences from
both methods.

2.3.2 | B-cell epitope prediction

This sub-module is based on (i) Chou and Fasman Beta-
Turn (Chou & Fasman, 1978), (ii) Emini Surface

FIGURE 1 Distribution and arrangement of modules and sub-modules in PBITv3.
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Accessibility (Emini et al., 1985), (iii) Karplus & Schulz
Flexibility (Karplus & Schulz, 1985), (iv) Kolaskar & Ton-
gaonkar (Kolaskar & Tongaonkar, 1990), and (v) Parker
Hydrophilicity (Parker et al., 1986) based predictions.
This module can be utilized to detect B-cell epitopes
through a consensus prediction generated from various
algorithms.

2.3.3 | T-cell epitope prediction

This sub-module is based on IEDB developed algorithms
NetMHCpan 4.1 (Parker et al., 1986) for MHC I and
NetMHCIIpan 4.1 (Kaabinejadian et al., 2022) for MHC
II binding predictions for available HLA alleles. Multiple
sequences can be processed simultaneously to detect
allele specific T-cell epitopes based on user defined pep-
tide length.

The aforementioned modules and submodules can be
linked through a hierarchical pipeline as per user
specifications.

2.4 | Systems biology analysis

Complex biological systems can be analyzed using sys-
tems biology tools to prioritize pathogen targets. This
module has the following sub-modules; (1) topological
network analysis, (2) essential metabolic reaction predic-
tion, and (3) in silico gene knockout analysis. Topological
network analysis can predict important nodes or proteins
in a protein–protein interaction network based on degree
and network centrality measures (Pinto et al., 2014).
Essential metabolic reactions and critical enzymes of
these pathways can also be predicted from pathogen's
genome scale metabolic models using flux variability
analysis and flux balance analysis respectively (Gu
et al., 2019).

3 | VALIDATION OF PBITV3

Our team had successfully verified the utility of PBITv1

and PBITv2 using the Candida proteome. About 45% of
the PBIT predicted targets were documented in literature
as essential proteins for Candida growth and pathogenic-
ity. Further, in vitro assay using the drug predicted from
the druggability module against YmL9 protein of Can-
dida, was found to retard the pathogen's growth thereby
authenticating the capability of the tool for prediction of
novel drugs and targets (Mukherjee et al., 2021).

For validation of PBITv3, we have used Mycobacte-
rium tuberculosis (Mtb), the causal organism for tubercu-
losis, and evaluated its antigenic proteins through PBITv3

workflow (Figure 2). Despite the availability of antibi-
otics, the search for novel targets and vaccine for TB con-
tinues due to the development and spread of resistance to
current drugs. Since the proteome of Mtb is well charac-
terized and researched for identifying drug targets and
vaccine candidates, it was used for evaluating and vali-
dating the PBIT workflow. The goal of this exercise was
not to identify novel targets or antigens, but rather to
leverage reproducibility of previously published findings
for validation of algorithm.

A dataset of 48 potential antigens of Mtb that
included in vivo expressed (IVE)-TB antigens, latent anti-
gens, hypoxia related proteins and conjugated protein
subunit antigen Mtb72F sequence was compiled from lit-
erature (Coppola et al., 2021; Bertholet et al., 2008;
Skeiky et al., 1999, 2004) (Table 2). These antigens have
undergone experimental assessment to determine their
capacity to induce an immunogenic response in murine
host models. Hence, they serve as a suitable dataset for

FIGURE 2 Workflow adapted for validation of PBITv3.

Synthetic vaccine construct Mtb72F has been predicted as one of

the potential vaccine candidates using this strategy and there is

experimental evidence (Skeiky et al., 2004; Mortier et al., 2015) that

validates this prediction.
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validating the application of the PBIT workflow in epi-
tope identification for vaccine development. These
48 putative antigens were analyzed through specific mod-
ules of PBITv3 (Figure 2) as per the protocol adopted in
publications (Sarom et al., 2018; Jalal et al., 2022) and the
observations are discussed below.

3.1 | Screening and characterization

The proteins were screened for homology against human
proteome, anti-target and gut microbiota to determine
the specificity of the proteins to the pathogen. The
threshold E-value and sequence identity were maintained
at default values of 0.005 and 50% respectively. Following
this, the proteins were analyzed for essentiality and viru-
lence, broad spectrum activity and role in host–pathogen
interaction with E-value and alignment length parame-
ters set to 0.001 and 1% respectively.

3.1.1 | Non-homology against human
proteome, human anti-target, gut microbiota

Of the 48 sequences, 8 were screened out due to shared
homology with either human proteome, anti-targets or gut
microbiota. These eight proteins include heat-shock pro-
teins, proteases and transcription factors that are evolu-
tionary conserved amongst different organisms (Table 2).

3.1.2 | Essentiality and virulence analysis

Of the remaining 40, 14 and 5 were homologous to
known essential proteins and virulent proteins respec-
tively. Twelve were homologous to both essential as well
as virulent genes. Thirty-one proteins cleared this mod-
ule; and of these, 14 have been experimentally validated
as essential and virulent proteins (Appendix S2).

3.1.3 | Broad spectrum analysis

All the 31 proteins were found to share significant simi-
larity with proteomes of other pathogenic organisms and
therefore could be classified as poly-microbial targets.

3.1.4 | Homology to host–pathogen
interactome

The involvement of the identified epitopes in host-patho-
gen interactions is crucial for vaccine development (TsaiT
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et al., 2022). Of the 31 proteins, 23 were homologous to
pathogen proteins that are known to interact with host
(both human and non-human; see section 2.1). Eight
antigens which were not homologous to the interactome
were experimentally found to elicit low immunogenic or
INF-γ response (Table 2).

3.2 | Druggability analysis

Of the 23 proteins screened for druggability, 13 were
found to be druggable based on their similarity to known
drug targets. Five of the 13 proteins were found to be
experimentally validated as targets of thiacetazone (Ala-
hari et al., 2007) and ethambutol drugs (Ghiraldi-Lopes
et al., 2019) and by gene deletion studies (Table 2).

3.3 | Immunoinformatics analysis

3.3.1 | Antigenicity prediction

Antigenicity of the 23 proteins were predicted by align-
ment free and alignment-based methods. Seventeen pro-
teins, that were predicted to be antigenic by both
methods, were screened for epitope prediction. It was
observed that most of these six proteins which were pre-
dicted to have poor antigenicity exhibited low cytokine
response in murine models, thus confirming the accuracy
of PBITv3's antigenicity module (Table 2).

3.3.2 | B-cell epitope prediction

Binding to B-cell epitope was predicted using all the five
methods by maintaining a window size of six residues for
each protein. B-cell epitopes were found in all the 17 pro-
teins; these proteins were ranked based on the number of
epitopes recognized by the algorithm (Table 2). It was
observed that the synthetic vaccine construct Mtb72F
ranked highest in terms of epitope sites. Some of the
other high ranked proteins such as Mtb32A (Rv0125),
Mtb39A (Rv1196), Mpt83 (Rv2873), Hrp1 (Rv2626), FecB
(Rv3044) and PE-PGRS family protein (Rv1818c) have
been investigated as important vaccine candidates. These
results illustrate the module's efficacy in predicting vac-
cine candidates.

3.3.3 | T-cell epitope prediction

T-cell binding epitope was predicted based on MHC-I
and MHC-II alleles. For MHC-I, a minimum length of

8 residues was considered for binding to HLA-A*02:01
allele which is associated with vaccine efficacy (Gartland
et al., 2014). MHC-II binding was evaluated keeping 11-
mer peptide as window-size and DRB1*01:04 as the
binding allele for its involvement with immune response
to Mtb-antigens (Shams et al., 2004). All proteins were
found to bind to MHC-I and MHC-II allele; higher num-
ber of epitopes were observed in Mtb72F protein vaccine.
Abundant HLA binding epitopes were also detected for
investigational vaccine candidates indicative of their
immunogenicity (Table 2).

At the end of the workflow, PBITv3 successfully
identified the most promising candidate Mtb72F fusion
protein vaccine construct that has progressed through
phase-II of clinical trial NCT01755598. It also identified
additional drug targets and vaccine candidates that have
either undergone experimental validation or are cur-
rently in the validation process. Through this example,
the efficiency of PBITv3 as a rapid method for accurately
predicting vaccine candidates and drug targets can be
appreciated.

4 | DEMONSTRATED UTILITY
OF PBIT

Upon reviewing the citations of PBIT, it is gratifying to
note that the tool that had been developed in 2016 and
later updated in 2021, has been used globally by several
research groups for drug target prediction and vaccine
development. A synopsis of the cited utility is mentioned
below.

4.1 | Safety profile of multiepitope
vaccine construct

Multiepitope vaccines are chimeric constructs of multiple
protein epitopes and therefore may have cross-reactivity
to non-pathogenic proteins. PBIT modules were used to
verify the safety of such vaccine candidates. Few of these
attempts are listed below.

i. Sanches and team constructed a multi-epitope vac-
cine from Schistosoma mansoni and used PBIT to
evaluate the safety of the vaccine through non-
homology analysis (Sanches et al., 2021).

ii. Khalid et al. performed safety profiling of a multi-
epitope vaccine construct from Borrelia burgdorferi
through non-homology analysis to gut microbiota
(Khalid et al., 2022).

iii. Nayak et al. adopted a reverse vaccinology approach
to identify vaccine candidates from Mtb proteome.
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The team used PBIT to filter out proteins homolo-
gous to gut microbiota and selection of druggable
proteins (Nayak et al., 2023).

iv. A vaccine construct against SARS-CoV2 was exam-
ined using PBIT screening modules (Gustiananda
et al., 2021) for its safety profile.

v. Gomes and co-workers used PBIT to assess homol-
ogy between multi epitope chimeric protein and pro-
teome of host and gut microbiota for developing
vaccine against Treponema pallidum infection
(Gomes et al., 2022).

vi. Non-homology analysis modules of PBIT were used
to initially filter out proteins homologous to human
proteome, anti-targets, and gut microbiota from pan-
proteome of Mycobacteroides clade and subse-
quently to select essential and virulent proteins
(Satyam et al., 2020).

4.2 | Role in drug and vaccine target
identification

PBIT pipeline has been used by many researchers to
identify drug targets in pathogen proteomes. Few of these
attempts are listed below.

i. Cesur et al. used the druggability module of PBIT to
identify druggable proteins of Klebsiella pneumoniae
and later verified these targets for their presence in
diverse infectious agents using broad spectrum anal-
ysis (Cesur et al., 2020).

ii. Can�ario Viana et al. identified four drugs and targets
from the pan-proteome of 108 Corynebacterium
strains using PBIT (Viana et al., 2022).

iii. Drug and vaccine targets were predicted from Borde-
tella pertussis and analyzed for essentiality and non-
homology to gut microbiota using PBIT (Felice
et al., 2022).

iv. PBIT was used to screen out human and gut-micro-
biota homologs to identify putative targets from five
Salmonella strains. Antigenic drug targets were fur-
ther analyzed to predict vaccine candidates (Sah
et al., 2020).
Similar studies were performed using PBIT to screen
pathogen proteomes of Serratia marcescens (Prado
et al., 2022), Pseudomonas aeruginosa (Rahman
et al., 2023; Atron, 2023), Salmonella enterica serovar
Typhimurium (Kocabaş et al., 2022), Rickettsia
(Felice et al., 2022), Corynebacterium ulcerans, Cory-
nebacterium silvaticum (Cerqueira et al., 2022) to
identify potential drug and vaccine targets. In addi-
tion to high-throughput analysis, individual proteins,
such as MEP2 protein in Candida albicans

(Khalil, 2020), have also been assessed for their
safety through the non-homology modules of PBIT.

4.3 | Role in mRNA vaccine construction

mRNA-based vaccines contain the antigen gene flanked
by 50 and 30 untranslated regions (UTRs), and additional
nucleic acids required for mRNA stability. PBIT has been
used to screen the translated mRNA sequences of final
vaccine construct for pox viruses (Kovači�c & Sal-
ihovi�c, 2022) and Mtb (Kovači�c et al., 2022) to verify the
autoimmune potential (by comparing the similarity of
epitopes to human proteins) and its effect on gut
microbes. Although, a major drawback is the absence of
wet-lab data in these studies, the mRNA vaccines have
been computationally evaluated for their ability to elicit
immune response and stability using MD simulation.
Both the vaccine constructs were predicted to be anti-
genic, safe and efficacious.

Overall, these citations exemplify the contribution of
PBIT in high-throughput identification of drug targets
and design of vaccine candidates from pathogen
proteomes.

5 | CONCLUSIONS

Over the recent years, we have witnessed pandemics, epi-
demics and rise in drug-resistant infectious agents result-
ing in substantial morbidity and mortality across the
globe. Emergence of new infectious diseases pose fresh
challenges for therapeutic management strategies. The
surge in availability of data related to pathogen proteomes
and efficient database query algorithms makes it ideal
to leverage computational methods to address the ever-
growing demand for new drugs and targets.
The development of PBIT has been our effort towards this
goal. We found several citations for PBIT v1 and v2,
wherein researchers have used the tool to identify poten-
tial pathogen targets for multiple pathogens such as
P. aeruginosa, S. enterica, C. albicans and M. tuberculosis.
In few cases, researchers had to rely on other algorithms
for testing antigenicity or for epitope prediction of the
proteins identified by PBIT. Therefore, in PBITv3, we have
incorporated the module on immunoinformatics analysis,
to facilitate accomplishment of the tasks related to identi-
fication of drug targets and vaccine epitopes within a sin-
gle portal. Additionally, we have also integrated a systems
biology based model to harness the power of metabolic
pathway networks in target prediction. The updated and
expanded version of PBIT will be a valuable tool for
screening and prioritizing drug and vaccine candidates.
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6 | ADVANTAGES AND
LIMITATIONS OF PBITV3

PBITv3 has been designed to enable high-throughput in
silico analysis for deriving novel therapeutic strategies.
The key features of this application are listed below:

• To the best of our knowledge, PBIT is the only tool
available online that can facilitate investigation of
numerous established principles of target identification
on a unified platform.

• Through the pipeline builder option, users can connect
multiple modules, in their preferred order, seamlessly
without the need to upload files at each step.

• Although several stand-alone servers are available to
predict essentiality and virulence (DEG, VFDF), drugg-
ability (DrugBank, TTD) or antigenicity (Vaxijen,
IEDB) of a protein sequence, they can be employed to
test only one application/algorithm at a time. The
strength of PBIT is its capacity to execute multiple
applications and derive a consensus prediction from
these algorithms.

6.1 | Limitations

• The tool can process up to 500 sequences concurrently.
Larger proteomes must be trimmed into multiple files
for analysis.

• The immunoinformatics module has limited options
for B-cell and T-cell prediction.

These limitations will be resolved in future updates.
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Kocabaş K, Arif A, Uddin R, Çakır T. Dual transcriptome based
reconstruction of Salmonella-human integrated metabolic net-
work to screen potential drug targets. PLoS One. 2022;17:1–21.

Kolaskar AS, Tongaonkar PC. A semi-empirical method for predic-
tion of antigenic determinants on protein antigens. FEBS Lett.
1990;276:172–4.
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