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Abstract

Tuberculosis (TB), a chronic disease caused by Mycobacterium tuberculosis (Mtb), is a global health issue across the
world. Pakistan ranks fifth among the countries, which are facing, a significantly great number of mortalities and morbidities
due to TB. Unfortunately, all previously reported treatments are not successful for the eradication of TB. Here in this study,
we report an emerging treatment option for this disease. We have applied immunoinformatics to predict highly conserved B
and T-cell epitopes from Mtb, showing significant binding affinities to the frequent HLA alleles in the Pakistani population.
A total of ten highly referenced and experimentally validated epitopes were selected from the Immune Epitope Database
(IEDB), followed by their conservancy analysis using weblogos. The consensus sequences and variants derived from these
sequences were examined, for their binding affinities, with prevalent HLA alleles of Pakistan. Moreover, the antigenic and
allergenic natures of these peptides were also evaluated via Vaxijen and AllerTOP, respectively. Consequently, all poten-
tially allergenic and non-antigenic, peptide fragments, were excluded from the analysis. Among all putative epitopes, three
CDS8 + T-cell epitopes were selected, as ideal vaccine candidates and, population coverage analysis revealed that the combina-
tion of these three peptides was covering, 67.28% Pakistani Asian and 57.15% mixed Pakistani populations. Likewise, eleven
linear and six conformational or discontinuous B-cell epitopes were also marked as potential vaccine candidates based on
their prediction score, non-allergenic nature, and antigenic properties. These epitopes, however, need the final validation via
wet-lab studies. After their approval, these epitopes would be effective candidates for the future designing of epitope-based
vaccines against Mtb infections in Pakistan.
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Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10989-020-10111-w) contains
supplementary material, which is available to authorized users.

Tuberculosis (TB) is a serious health concern globally,
caused by the infections of Mycobacterium tuberculosis
(Mtb) (Ullah et al. 2016). Mtb is responsible for the infec-
tions of lungs as well as many other organs including, lymph
nodes, abdomen, gastrointestinal, and bones (Sunnetcioglu
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(Glaziou et al. 2015). The general symptoms associated
with TB include weight loss, fever, fatigue, loss of appetite,
and sweat, while 90% of the patients acquire latent infec-
tions, with no obvious symptom of the disease (Kaufmann
et al. 2010; Knechel 2009). According to the world health
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organization (WHO), in 2019, approximately 10.4 million
people were infected with TB worldwide, of which 1.3
million died (Annabel et al. 2019). Pakistan stands fifth in
position among the most affected country with TB, with
an estimated 510,000 cases per year and a mortality rate of
23 deaths per 100,000 individuals (NTP 2016). The death
rate could increase significantly if these infections are left
untreated.

Till now, several treatment options are available to control
the Mtb infections, including, anti-TB drugs and the Bacille
Calmette-Guerin (BCG) vaccine (Iseman 2002). BCG is
used to control severe pulmonary tuberculosis in children,
with 60 to 80% efficiency, however, it is not as efficient for
individuals with disease recurrence (Roy et al. 2014). There
is evidence of multidrug resistance (MDR) in Mtb strains,
suggesting even more aggravated infections, which would be
difficult to control using available treatments (Munir et al.
2018). Thus, it is the need of time to present alternative
treatment options for these infections. Currently, epitope-
based vaccines are proved efficient in different infections
and, therefore, are substituting trivial vaccines (Li et al.
2014). In this strategy, only small immunogenic fragments,
epitopes, from the full-length sequence of the antigenic
proteins, are considered as potential vaccine candidates
(Sette and Fikes 2003). These vaccines elicit the immune
response, only against the immunogenic fragments, thus
minimizing the chances of non-specific immune responses
(Tissot et al. 2010). In vaccine designing, computational
tools have gained notable attention, as they help to identify
highly immunogenic and non-allergenic epitopes, as suit-
able vaccine candidates (Maria et al. 2017). Furthermore,
the 3D structure analysis and the assessment of the binding
affinities of putative epitopes with HLA alleles are also pos-
sible. Another important feature is the population coverage
analysis, which helps to screen the potential epitopes for
population-specific vaccines (Denisova et al. 2010). Addi-
tionally, these methods are cost-effective, less laborious, and
are relatively safe compared to traditional methods (Tomar
and De 2010).

This study aims to use multiple in-silico tools for the
identification of putative B and T-cell epitopes, from the
pathogenic proteins of the Mtb, followed by their conserv-
ancy analysis, allergenic and antigenic predictions. The
antigenic and non-allergenic epitopes restricting with the
prevalent HLA alleles of Pakistan were selected, and their
population coverage was measured. Finally, through struc-
tural modelling, the position of epitopes on the correspond-
ing antigenic proteins were evaluated. The selected peptide
would help in the future vaccine designing for tuberculosis.
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Materials and Methods

Figure 1 represents all steps followed for the screening of
epitope-based vaccine candidates specific to control Myco-
bacterium tuberculosis in Pakistani populations.

T Cell Epitope Selection

T-cell epitopes are immunogenic peptides fragments capa-
ble of producing a specific immune response. These pep-
tides are, therefore, important candidates for epitope-based
vaccines (Weber et al. 2009). The highly referenced and
experimentally validated MHC class-I and class-II, T-cell
epitopes of Mycobacterium tuberculosis were retrieved
using the online Immune Epitope Database (IEDB) (https://
www.iedb.org). IEDB contains comprehensive information
on epitopes and offers multiple tools for epitope prediction
and analysis (Vita et al. 2015).

Sequence Retrieval

The sequences of all antigenic proteins containing the
selected epitopes were obtained from the National Center
for Biotechnology Information, NCBI (https://www.ncbi.
nlm.nih.gov), with the accession IDs of NP_216402.1 (acyl-
transferase/ mycolyltransferase Ag85B), POWNK?7.1 (6 kDa
early secretory antigenic target), NP_218280.1 (Lipopro-
tein LpqH), NP_214802.1 (ESAT-6-like protein EsxH),
NP_216547.1 (Alpha-crystallin), POWGU1.1 (Phosphate
Binding Protein Pst1) and NP_218391.1 (ESAT-6-like pro-
tein EsxB) (Benson et al. 1993). Moreover, the Basic Local
Alignment Search Tool, BLAST (https://blast.ncbi.nlm.nih.
gov/Blast.cgi), was used to search all homologous sequences
from the strains of Mycobacterium tuberculosis(Altschul
et al. 1990).

Consensus Sequence Prediction

Multiple Sequence Alignment (MSA) performed via
BioEdit v.7.2.6, was submitted to Weblogo3 software (https
://weblogo.threeplusone.com) to obtain the consensus
sequences (Table 2). Weblogo3 generates sequence logos
in the form of stacks of letters. The height of each letter stack
represents the conservancy of corresponding amino acids in
the sequence (Crooks et al. 2004).

Retrieval of Common HLA Alleles from Pakistani
Populations

The Allele Frequency Net Database (AFND) (https:/www.
allelefrequencies.net), was used to screen the prevalent HLA
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class-I and class-II alleles from Pakistan at the threshold of
0.01 (Table 3).AFND is an online database that contains
information about alleles and their frequencies present in
different populations concerning geographical regions (Gon-
zalez-Galarza et al. 2010).

Binding Affinity Prediction

T-cell epitopes present on the surface of immune cells com-
plexed with MHC molecules. Among these, CD4 + T-cells
target MHC class-I, while CD8 + T-cells to the MHC class-
II. The binding affinities of T-cell epitopes, with correspond-
ing MHC molecules, are, therefore, the crucial determinant
of elicitation of the efficient immune response (Cunha-Neto
1999). MHC-I (https://tools.iedb.org/mhci) and MHC-II

(https://tools.iedb.org/mhcii) binding prediction tools from
IEDB, were used for the evaluation of the binding affinities,
of selected epitopes and their consensus variants with the
prevalent class-I and class-IT HLA alleles of Pakistan. For
the prediction of binding affinities with MHC class-1 HLA
alleles, a total of two algorithms, ANN and netMHCpan,
were considered, as ANN algorithm, was not trained for
A*33:03, C*03:02, C*12:02, C*08:01 and C*16:01 alleles
(Hoof et al. 2009; Nielsen and Andreatta 2017; Nielsen et al.
2003). Likewise, for MHC-II binding prediction, NN-align,
and netMHClIpan, were used. NN-align is trained on exper-
imental data, while the netMHClIIpan algorithm is based
on the artificial neural network method and trained on five
groups of datasets of protein and peptide sequences based
on the common motif clustering (Karosiene et al. 2013;
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Nielsen and Lund 2009). Binding affinities of DQB1*06:01,
DQBI1%03:03:02, DQBI1*03:05, DRB1*10:01, DRBI1*13:01
and DRBI*13:02, were predicted by netMHClIIpan. The
results of binding affinities were expressed, in the form of
IC50nM (the maximal half inhibitory concentration), where
IC50 < 50 nM indicates significantly high binding, values in
between 50-500 nM means intermediate affinity, while 500-
5000 nM exhibits very low binding affinities. (Kosaloglu-
Yalcin et al. 2018) (Additional files 1 and 2).

Allergenicity Prediction

Allergenicity of selected epitopes and their consensus vari-
ants was predicted, by web-based server AllerTop v.2.0
(https://www.ddg-pharmfac.net/AllerTOP/index.html).
AllerTop uses the auto cross-covariance (ACC) method,
developed by wold et al. (Wold et al. 1993). The server is
trained, on several known allergens and non-allergens from
different species (Dimitrov et al. 2013).

Antigenicity Prediction

For the confirmation of the immunogenic character of all
peptide fragments, online Vaxijen v.2.0 (https://www.
ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html), was
used. Vaxijen is based on the alignment independent method,
which predicts antigenicity, using physicochemical proper-
ties and ACC methods (Doytchinova and Flower 2007). For
antigenicity assessment, peptide fragments with a threshold
greater than 0.5, were marked as potentially antigenic.

Population Coverage Calculation

Following antigenicity and allergenicity predictions, all
antigenic and non-allergenic T-cell epitopes, having good
binding affinities for the prevalent class-I and class-1I HLA
alleles of Pakistan, were considered for the population cover-
age analysis, using IEDB population coverage tool (https://
tools.iedb.org/population).

Structural modelling and validation of Mtb proteins

In addition to the T-cells, B-cells are also crucial for the
maximum elicitation of the immune response, the screening
of B-cell epitopes is, therefore, equally essential in vaccine
designing (Mauri and Bosma 2012). For B-cell epitope pre-
dictions, three proteins from Mtb including, ESAT-6 like
protein EsxB, Lipoprotein LpgqH and, Phosphate binding
protein PstS 1, were selected. These three proteins were
considered, as most of the referenced epitopes, in IEDB
and literature against Mtb, were from these selected proteins
(Converse and Cox 2005; Peirs et al. 2005; Sanchez et al.
2012). As the 3D models of these proteins, were required
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for the prediction of conformational B-cell epitopes, we
firstly performed structural modelling, via Iterative Thread-
ing ASSembly Refinement (I-TASSER), followed by model
validations, (Yang et al. 2015; Zheng et al. 2019) using
Structural Analysis and Verification Server, SAVES ver-
sion 5 (https://servicesn.mbi.ucla.edu/SAVES/). The mod-
els were validated based on Verify3D, PROCHECK, and
ERRAT (Colovos and Yeates 1993; Eisenberg et al. 1997,
Laskowski et al. 1993).

Prediction of Linear and Conformational B Cell Epitopes

IEDB ElliPro tool (https://tools.iedb.org/ellipro/), was used
to predict linear and conformational B-cell, using three
selected proteins of the Mtb as templates (Ponomarenko
et al. 2008). In Ellipro, the minimum gap between residues
was selected as 0.5, while the maximum allowed distance
was 6.0A. For the visualization of 3D structures and to
assess their orientations, DiscoveryStudio was used (Gazi
et al. 2016; Gurung et al. 2012). As for T-cell epitopes, the
allergenic and antigenic natures of B-cell epitopes were also
determined using the AllerTop and Vaxijen servers, respec-
tively, with the same parameters, as mentioned previously,
for T-cell epitopes.

Results
Selection of T-cell Epitopes

A total of ten highly referenced and experimentally vali-
dated epitope sequences were selected, from IEDB, as the
potential immunogenic peptide for Mtb. Among these ten
epitopes, five epitopes were from class-1, and five from
class-II (Table 1). From these ten epitope sequences,
weblogos were generated, to assess the conservancy of these
epitopes among different strains (Table 2). In the case of the
class-I epitope, the three variants were derived, from the
first epitope KLVANNTRL, based on its weblogo. Likewise,
fourteen variants from the third epitope, VLTDGNPPEV
and, eleven variants from the fourth epitope, IMYNYPAML,
were derived considering their web logos. The second and
fifth epitopes with 100% conservancy, produce no variants
and their original sequences, were analyzed (Additional
file 1).

Similarly, for class-II epitopes, in addition to original
epitope sequences, sequence variants were also derived.
The first, second, and third epitopes (MTEQQWNFAG-
IEAAASAIQG, SEFAYGSFVRTVSLPVGADE, and
DQVHFQPLPPAVVKLSDALI) produced six sequence
variants each, while the fifth epitope, QAAVVR-
FQEAANKQK, produced one variant. The fourth class-II
epitope, however, did not produce any variant (Additional
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Table 1 Highly referenced and, experimentally validated class-I and class-II epitopes retrieved through IEDB

Srno IEDB epitope ID  Protein name Sequence Restriction Number of refer-
ences listed at
IEDB
Class 1
1 32,213 Diacylglycerol acyltransferase/myco- KLVANNTRL HLA-A*02:01 7
lyltransferase Ag85B
2 3064 6 kDa early secretory antigenic target AMASTEGNV HLA-A*02:01 6
3 69,798 Lipoprotein LpgH VLTDGNPPEV HLA-A*02:01 6
4 27,586 ESAT-6-like protein EsxH IMYNYPAML HLA-A*02:01 5
5 37,146 6 kDa early secretory antigenic target LLDEGKQSL HLA-A*02:01 5
Class II
1 42,797 6 kDa early secretory antigenic target MTEQQWNFAGIEAAASAIQG HLA-DRBI1*04 7
2 57,417 Alpha-crystallin SEFAYGSFVRTVSLPVGADE = HLA-DRBI1#01:01 7
3 9924 Phosphate-binding protein PstS 1 DQVHFQPLPPAVVKLSDALI =~ HLA-DRB1*01 5
4 161,641 6 kDa early secretory antigenic target IQGNVTSIHSLLDEG HLA-DRBI1*#15:01 5
5 161,666 ESAT-6-like protein EsxB QAAVVRFQEAANKQK HLA-DRB5*01:01 5

file 2). Thus, a total of thirty-two class-I and twenty-one
class-1I, peptide fragments were considered for further
analysis (Figs. 2 and 3).

Prediction of prevalent HLA alleles from Pakistan

AFND reveals the prevalence of ninety-four, common HLA
alleles in Pakistani populations, with sixty-eight alleles,
belonging to class-I, and twenty-six to class-II. Among
sixty-eight class-1 HLA alleles, twenty-five belongs to
HLA-A, nineteen to HLA-B, and twenty-four to the HLA-
C category. Likewise, eleven class-II specific HLA alleles
belong to DQOBI and fifteen to DRBI (Additional File 3,
Table 3).

Binding Affinity Prediction

The MHC binding prediction tools, from IEDB, were used
to calculate the bindings of selected class-I and class-II
epitopes as well as the variants derived from them, with
the prevalent class-I and class-II HLA alleles of Pakistani
populations. For MHC-I binding predictions, ANN and
netMHCpan algorithms calculated the 736 interactions,
of all selected class-I epitopes and their variants, with the
prevalent class-I HLA alleles. Of these 736 interactions,
twenty-seven interactions were the strong interactions with
the IC50 value of less than 50 nM. (Additional Filel, Fig. 4).
Likewise, NNalign and netMHClIIpan algorithms, calculated
total 189 interactions for class-II epitopes, and their vari-
ants with the class-II HLA alleles and thirty-five interactions
were the strong interactions having IC50 threshold of less
than 50 nM (Additional File 2, Fig. 4).

Allergenicity Assessment

AllerTop v.2.0 marked six of thirty-two epitopes from class-
I, and eight of twenty-one epitopes from class-II, as non-
allergens. The remaining class-I and class-II, epitopes were
reported, as the potential allergens (Figs. 5 and 6 and Addi-
tional files 1 and 2).

Antigenicity of Epitopes

Vaxijen v.2.0 server showed that twelve of thirty-two class-I
epitopes and, thirteen of twenty-one class-II epitopes, were
possessing antigenic nature (Figs. 5 and 6 and Additional
files 1 and 2).

Population Coverage

For population coverage analysis, class-I and class-II
epitopes, with antigenic as well as non-allergenic natures
and having strong binding affinities, with prevalent HLA
alleles in Pakistan were considered relevant. Based on these
selection parameters, one class-I epitope (LTDGNPPEV)
from lipoprotein LpgH and two class-II epitopes, one from
the Phosphate-binding protein PstS1 (QVHFQPLPPAV-
VKLS) and second from ESAT-6-like protein EsxB (QAA-
GVRFQEAANKQK) were selected. Population coverage
analysis revealed that the mixture of these three epitopes
covers 67.28% of Pakistani Asian (Table 4) and 57.15% of
Pakistani mixed populations (Table 5).

3D structure modelling and validation

The 3D structure of three proteins (ESAT-6 like protein
EsxB, Lipoprotein LpqH, and Phosphate binding protein
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Table 2 Weblogos and the conservancy analysis of the class-I and class-1I epitopes via weblogo3

Fig.2 Number of variants derived from the five MHC class-I

Protein Name Epitope Weblogos Percentage
Sequence conservancy
Class-1
Diacylglycerol
acyltransferase/mycol | KLVANNTRL t A T V 44.44%
yltransferase Ag85B : | '
kD 1 t
6 kDa carly secretory |\ vy A STEGNY M ! IE W 100%
antigenic target A S G
Lipoprotein LpgH VLTDGNPPEV VLTD wPPEVI 70%
! e o O]
+ESAT-6-like protein o
- IMYNYPAML %MY% YP AME | 66.66%
6 kDa'earl.y secretory LLDEGKQSL / 1 100%
antigenic target ,
Class-II
6 kDa early secretory | MTEQQWNFAG
tigenic target 1EAAASAIQG [ltvEQQll T T 95
antigenic targ EQQIINFAGIEAAASAIQG]
SEFAYGSFVRT
Alpha-crystallin . X I 90
VSLPVGADE | SEFAYGSFVIRTVSLPVGADEI
Phosphate-binding DQVHFQPLPPA B 90
protein PstS 1 vvkLspaLl | DQVHFQPLPPAVVKLSDALT
6 kDa early secretory | IQGNVTSIHSLL ,.Q l I .,.l | [: 100
antigenic target DEG
ESAT-6-like protein | QAAVVRFQEA
60
EsxB ankok | QAAVVRFOEAANKOK!
A \ 0 MTEQQWNFAGIEAAASAIQG
3 / D KLVANNTRL
0 0 6 \ O SEFAYGSFVRTVSLPVGADE
= - AMASTEGNV \
4 VLTDGNPPEV 6 J DQVHFQPLPPAVVKLSDALI
IMYNYPAML T,
14 , IQGNVTSIHSLLDEG
0 LLDEGKQSL 6 /
y 0 QAAVVRFQEAANKQK

epitopes retrieved through IEDB (Additional file 1)
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Fig.3 Number of variants derived

from the five MHC class-II

epitopes retrieved through IEDB (Additional file 2)
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Table 3 Prevalent class-I and class-II HLA alleles in Pakistani populations retrieved through AFND

Most prevalent class-I and class-II HLA alleles in Pakistani population

HLA Class-I restricted alleles HLA Class-II restricted alleles

Class A Frequency Class B Frequency Class C Frequency DQBI1 Frequency DRBI Frequency
A*11:01 1.094 B*51 1.125 C*04 1.167 DQB1*02 2.055 DRB1*03 1.552
A*33:03 0.658 B*35 1.112 C*07 1.025 DQB1*05 1.699 DRBI1*15 1.099
A*02:01 0.602 B*08 0.628 C*15 0.905 DQB1*06 1.33 DRBI1*11 0.947
A*24:02 0.573 B*40 0.537 C*07:02  0.822 DQB1*03 0.962 DRB1*01 0.747
A*26:01 0.524 B*58 0414 C*12 0.666 DQB1*03:01 0.878 DRB1*#07 0.624
A*01:01 0.491 B*13 0.316 C*06:02  0.62 DQB1#03:02 0.406 DRB1*13 0.585
A*03:01 0.456 B*15 0.286 C*07:01 05 DQB1*06:01 0.13 DRBI1*16 0.354
A*32:01 0.445 B*52 0.278 C*12:03  0.492 DQB1*04 0.127 DRB1*14 0.335
A*02:06 0.389 B*44 0.263 C*06 0.483 DQB1*03:05 0.066 DRB1*#04 0.285
A*30:01 0.335 B*07 0.245 C*03:02 0.454 DQB1*03:03:02  0.062 DRB1#10:01  0.251
A*11 0.321 B*27 0.193 C*12:02  0.381 DQB1*06:02 0.058 DRB1*10 0.221
A*02 0.29 B*18 0.165 C*14 0.361 DRB1*#08 0.139
A*68:01:02  0.281 B*53 0.14 C*03 0.316 DRB1#13:02  0.034
A*24 0.268 B*37 0.139 C*01 0.218 DRB1*#12 0.02
A*33 0.255 B*38 0.133 C*02 0.17 DRBI1#13:01 0.011
A*01 0.187 B*41 0.127 C*16 0.143

A*03 0.187 B*50 0.124 C*08:02  0.142

A*26 0.18 B*14:01 0.117 C*16:02  0.136

A*31:01:02  0.177 B*14:02  0.104 C*05 0.112

A*33:01 0.163 C*17 0.104

A*68:01 0.151 C*08:01  0.065

A*02:11 0.095 C*03:03  0.059

A*30:02 0.09 C*08 0.05

A*29:01 0.089 C*16:01  0.05

A*03:02 0.084

800

Class-1
700 27 33 32
g 30
w 600 g 26
- i
B # Non Interaction (IC50=>5000nM) 5]
3 500 M Weak Interaction (IC50=500-5000nM) "5 20
§ W Moderate Interaction (IC50=50-500nM) 5
= 1 Strong Interaction (IC50=<50) 2 15
5 400 E 12
= Z 10
<
2 300
E 5
Zz 2
0 |
200
35 Total Epitopes Allergens Antigenic Antigenic and Non-
allergens

100

Class 1 Class 11

Fig.5 Epitope statistics: Number of antigenic and non-allergenic
class-1 peptide fragments, selected after the exclusion of allergenic
and non-antigenic peptides

Fig.4 Chart summarizing the interactions between selected class-1

and class-II epitopes as well as their variants with the prevalent HLA

alleles of Pakistan
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server were used for the model validations (Mahmood et al. 3
2020). The verify3D evaluates these models by determin- . 2 _
ing the compatibility of models with amino acid sequences 8=
and assigned the structural scores for the alpha, beta, loop, Sl
polar, and non-polar to these sequences. The score ranges =
from — 1 (poor score) to+ 1 (good score). 81.38% of the 8
sequence in ESAT 6 like protein EsxB (Fig. 8a), 84.92% & g g
in lipoprotein LpqH (Fig. 8b) and, 87.34% in Phosphate = 8 S+ -
binding protein PstS1 (Fig. 8c) were having the verify-3D
score > 0.2, ensuring good quality of the protein models. ~ §
The non-bonded interactions of atoms of these three pro- R . ‘g =
tein models were checked using ERRAT. The overall quality c:)‘ 8 2
factor of the three models was greater than 70A° (Fig. 9a—c). ?T TR+t 0«
Finally, the stereochemical properties of protein models &
were, verified by Ramachandran plots generated by the é . i —
PROCHECK server, which shows 75.2% residues of ESAT-6 é ﬁ g §
like protein EsxB (Fig. 10a), 51.6% residues of Lipoprotein & TS
LpgH (Fig. 10b) and 73.0% residues of Phosphate bind- ﬁ _
ing protein PstS 1 (Fig. 10c) were in the most favourable 3 P g N
regions, while 18.8, 34.2 and 23.1% residues from these g E E % g o+ -
three proteins, respectively, were in the allowed regions. ki _
2
Linear and Conformational B Cell Epitope Prediction g @ = R e e
g g |gELd
IEDB Ellipro tool identified linear and conformational = S ¥ a0
B-cell epitopes with default epitope prediction parameters. Rz M
A total of twenty-nine linear epitopes, eighteen from Phos- 'E a S
phate binding protein PstS 1, four from ESAT 6 like pro- & ; %:
tein EsxB and, seven from lipoprotein LpqH, were selected gﬂ g é.] S
with a protrusion index (PI) score in between 0.8 and 0.5. % E 0 E
Of these, three epitopes from ESAT 6 like protein EsxB, g 2% Z
six from phosphate-binding protein PstS1 and, two from ki E j:: a
lipoprotein LpgH, were found non-allergenic and antigenic § 8 g i -
(Table 6). Moreover, the position of these eleven linear A o oo f
B-cell epitopes on corresponding protein models, are also % é‘ §' §' §' é‘
presented in Fig. 11. In addition to linear B-cell epitopes, a S| aa a9
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Table 5 Population coverage for Pakistani mixed population

Total

HLA allele (genotypic frequency (%))

Coverage

Epitope

HLA

hits

HLA- HLA- HLA- HLA- HLA- HLA- HLA- HLA-
DQB1*#06:02 DRB1*10:01

Class I and IT

DRB1#13:02
(0.00)

DRB1%13:01

(0.0)

DQB1%06:01
(0.0)

A¥02:01  DQBI1%¥03:01
(14.54)

(7.60)

A*01:01
(13.05)

(4.00)

(0.0)

Y N a

32.69%

Epitope #2: QAAGVRFQEAANKQK  26.97%

Epitope #1: QVHFQPLPPAVVKLS

+

36.34%
57.15%

Epitope #3: LTDGNPPEV

Epitope set

total of seventeen conformational epitopes, from three pro-
teins (Phosphate binding protein PstS 1, ESAT 6 like protein
EsxB and lipoprotein LpgH), were also predicted using the
IEDB Ellipro tool. The epitopes having prediction scores,
between 0.704 and 0.992, were taken into considerations.
The higher score designates the high solvent accessibil-
ity (Mishra et al. 2018). The information about the amino
acid residues, length, prediction score, and the position of
selected conformational epitopes, are mentioned in (Table 7
and Fig. 12).

Discussion

Recently, the rapidly mutating genome of Mycobacterium
tuberculosis and the chances of disease reoccurrence have
made almost all available treatment options for this patho-
gen inefficient (Ford et al. 2013). Moreover, with the emer-
gence of multidrug-resistant TB strains has further cur-
tailed the efficacy of these treatment options (Falzon et al.
2013). This catastrophe has transformed the research trends
toward designing the epitope-based vaccines, which are the
most recent and reliable method in vaccine designing. The
epitope-based vaccines are advantageous over trivial vac-
cines because of their ability to aptly combat mutating path-
ogens and, producing prominent immune responses (Oyar-
zin and Kobe 2016). Moreover, by directing the immune
response against highly immunogenic components of the
pathogen, these vaccines, guarantee an ideal immune elici-
tation (Purcell et al. 2007). Additionally, these vaccines are
safe, efficient, long-lasting, and more economical. Despite
these obvious benefits, the epitope prediction, their contribu-
tion to immune elicitation, and experimental validations are
quite laborious (Sette and Fikes 2003). The advancements in
the field of bioinformatics have proved helpful for vaccine
development (Barh et al. 2010). In-silico approaches have
helped in the screening of putative epitopes from the patho-
genic proteins of different organisms. It is also possible to
distinguish significantly allergenic vaccine targets likely to
induce allergenic reactions in hosts. During immune elicita-
tion, antigen-presenting cells (APCs) display the epitopes
on their surface in complex with the MHC molecules. It is,
therefore, essential to screen prevalent HLA alleles in the
population of interest and to assess the binding affinities of
putative epitopes with these alleles (Braciale et al. 1987).
These strategies help in designing population-specific
vaccines and have been successful for various pathogens
(Ashraf et al. 2016; Chakraborty et al. 2010; Khan et al.
2015; Mahmood et al. 2019; Moradi et al. 2017). In the
recent past, a few studies on epitope-based vaccine design-
ing for Mtb have come forward, Mistry and Flower, in
2017, designed an epitope ensemble against TB, however,
they did not mention the allergenic natures as well as the
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Fig.7 Three-dimensional structure of proteins obtained from I-TASSER a ESAT-6 like protein EsxB b Lipoprotein LpgH ¢ Phosphate binding

protein PstS 1

population specificity for this epitope ensemble (Mistry
and Flower 2017). In Rai et al. 2018 reported a bi-epitope
vaccine, namely L4.8, comprising of MHC-I and MHC-
II binding peptides of active (TB10.4) and latent (Acrl)
stages of Mtb antigens, respectively. L4.8 significantly
elicited CD8 + and CD4 + T cells and was claimed for
better protection against Mtb infection than BCG. It is,
however, not approved clinically and needs validation on
model organisms (Rai et al. 2018). In 2019, an immu-
noinformatics based study from Elhag Mustafa et al.
reported four immunogenic peptides, from the conserved
regions of the PPE65 family protein of Mycobacterium
tuberculosis, along with the population coverage of these
epitopes. However, allergenic assessment of the selected
peptides was missing. Moreover, the study has ignored
the highly referenced pathogenic proteins of tuberculosis
from, which experimentally validated peptides, are listed
in IEDB (Elhag et al. 2019). Herein, we present a compu-
tational strategy, to report the significantly immunogenic

@ Springer

and non-allergenic B and T-cell epitopes restricting to
the common HLA alleles of Pakistani populations, as the
potential vaccine candidates for these populations. The
study starts by selecting ten experimentally validated and
highly referenced MHC-I and MHC-II epitopes from the
Immune Epitope Database (IEDB) (Table 1). Considering
the conservancy of ten selected peptides via weblogo3,
all possible variants of original peptide fragments were
derived and analyzed together with the epitopes (Table 2).
The conservancy analysis is important because it consid-
ers not only the original epitope sequence but also the all
possible variants that could derive from the parent epitope,
in any strain of the pathogen. Thus, it helps in the broad-
level screening of all possible peptide fragments for their
possible antigenic potential and immune elicitation. The
interactions between MHC-I and MHC-II epitopes with
the class-I and class-II HLA alleles are essential for the
antigen presentations and, therefore, for the elicitation of
the immune response (Arlehamn et al. 2014; Ivanyi 2014).
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Fig. 8 Model quality analysis through VERIFY3D a ESAT-6 like protein EsxB b Lipoprotein LpgH ¢ Phosphate binding protein PstS 1

These alleles are highly polymorphic and vary among the
populations, and the assessments of prevalent HLA alleles
from the population of interest are significantly important
while designing population-based vaccines (Shahsavar
et al. 2017). AFND marked sixty-eight class-I and twenty-
six class-II HLA alleles as the significantly prevalent in
Pakistani populations (Additional file 3). The peptide frag-
ments showing binding affinities to the selected class-I and
class-II HLA alleles were selected at IC50 value < 50 nM
(Additional files 1 and 2).

The immunogenicity and allergenicity assessments,
respectively, via Vaxijen and AllerTop, helped in the selec-
tion of one class-I, LTDGNPPEYV, and two class-II epitopes,
QVHFQPLPPAVVKLS and QAAGVRFQEAANKQK as
ideal vaccine candidates. The three peptide fragments were
immunogenic, non-allergenic, and restricting to the broad
range of the HLA alleles of the Pakistani populations. The
combination of these three epitopes was covering 67.28% of
Pakistani Asian and 57.15% of mixed Pakistani populations
(Tables 4 and 5). The low population coverage, in this case,
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1

maybe because of the limited information on Pakistani HLA
available in AFND. The information about the subtypes of
most HLA alleles was missing for Pakistani populations.

In the adaptive immune system, humoral, or antibody-
based response forms the first line of defence against most
of the pathogens. Antibodies can recognize the linear or
conformational B-cell epitopes and initiate an immune
response against them (Ahmad et al. 2016). Thus, in addi-
tion to the T-cell epitopes, the screening of linear as well as
conformational B-cell epitopes and their characterization is
precisely important in vaccine designing. The three immu-
nogenic proteins from Mtb including, ESAT-6 like protein
EsxB, Lipoprotein LpqH and Phosphate binding protein
PstS 1 were selected for the prediction of B-cell epitopes
based on extensive literature review as well as high refer-
ences in IEDB for these proteins (Birhanu et al. 2019; Mistry
and Flower 2017; Monterrubio-L6pez and Ribas-Aparicio
2015; Mustafa 2013; Zhang et al. 2009). After 3D structural

@ Springer

modelling and validation, the protein models were used for
predicting B-cell epitopes. A total of eleven linear and six
conformational B-cell epitopes retrieved through IEDB,
ElliPro tool possess the antigenic and non-allergic properties
similar to T-cell epitopes and selected. This analysis sug-
gests that the identified B and T-cell epitopes and are likely
to elicit a maximum immune response against Mtb infections
in Pakistani populations without any allergenic side effects.

Conclusion

In this study, we report B and T-cell epitopes, which are sig-
nificantly antigenic, non-allergenic, and restrict to the major-
ity of the Pakistani HLA alleles, therefore, can be used to
design an epitope-based vaccine against these populations.
These epitopes need further experimental validation through
wet-lab practices.
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Fig. 10 a—c Ramachandran plots generated by PROCHECK for stereochemical analysis of protein models
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Table 6 Linear B cell epitopes of Mycobacterium tuberculosis

Protein name Epitope sequence Allergenicity  Antigenicity No.of  Score 3D structure
residues
ESAT-6-like protein EsxB SRADEEQQQALSSQMGF Non-allergen  Antigen 17 0.832 Figure 11 a
IKEPRTEINES Non-allergen  Antigen 11 0.767 Figure 11 b
GTNPESA Non-Allergen  Antigen 7 0.646 Figure 11 ¢
Phosphate-binding protein PstS 1 ~ PRTEINANTIGENNSHRTPANFLAG-  Non-allergen  Antigen 52 0.836 Figure 11d
SPRECRSRMKIRLHTLLAVL-
TAAPLLL
KPPSGSPETGAGAGTVATTPASSPVT  Non-allergen  Antigen 26 0.763 Figure 11 e
YCLIPPRTEINA Non-allergen  Antigen 12 0.712 Figure 11 f
SQRGLGEAQ Non-allergen ~ Antigen 9 0.601 Figure 11 g
QKDAATAQTLQA Non-allergen ~ Antigen 12 0.602 Figure 11h
PRTEINSH Non-allergen ~ Antigen 8 0.596  Figure 111
Lipoprotein LpgH SGTGQGNASATKDGSH Non-allergen ~ Antigen 16 0.742  Figure 11
DGKDQNV Non-allergen  Antigen 7 0.549  Figure 11 k
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Fig. 11 Three-dimensional presentation of linear epitopes (a—k). Yellow surface represented the epitopes while grey color represented the pro-
tein
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Table 7 Conformational B cell epitopes of Mycobacterium tuberculosis

Protein name Residues No. of Score 3D structure
resi-
dues
ESAT-6-like protein EsxB A:V126, A:S129, A:R130, A:A131, A:D132, A:E133, A:E134, A:Q135, 17 0.814 Figure 12a
A:Q137, A:A138, A:L139, A:S140, A:S141, A:Q142, A:M143, A:G144,
A:F145
A:E78, A:S79, A:T80, A:A81, A:G82, A:S83, A:L84, A:Q85, A:G86, A:Q87, 23 0.755 Figure 12b

A:W88, A:R89, A:G90, A:A91, A:A92, A:G93, A:T94, A:A95, A:A96,
A:Q97, A:A98, A:V101, A:R102

Phosphate-binding protein PstS 1 A:R182, A:E183, A:R187 3 0.992 Figure 12¢
A:C184, A:R185, A:S186, A:K189, A:1190, A:R191 6 0.988 Figure 12d
A:T172, A:P173, A:A174, A:N175, A:F176, A:L177, A:A178, A:G179, 26 0.877 Figure 12¢

A:S180, A:P181, A:M188, A:LL192, A:H193, A:T194, A:L195, A:L196,
A:A197, A:V198, A:L199, A:T200, A:A201, A:A202, A:P203, A:L204,
A:L205, A:L206
Lipoprotein LpqH A:D95, A:G96, A:K97, A:V145, A:N146, A:G147, A:T177, A:G178, 21 0.704 Figure 12f
A:V179, A:D180, A:M181, A:A182, A:N183, A:P184, A:M185, A:S186,
A:P187, A:V188, A:N189, A:K190, A:S191

Fig. 12 Three-dimensional presentation of conformational epitopes (a—f). Yellow surface represented the epitopes while grey color represented
the protein
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