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Abstract

Objective: Tuberculosis (TB) caused by Mycobacterium tuberculosis (M. tb) is one of the deadliest diseases causing millions of deaths worldwide. Bacillus Calmette-Guérin
(BCG) is the only vaccine that has been used in many countries where TB is prevalent. Despite vaccination, this disease prevails in many of the developing countries,
necessitating the development of an effective vaccine against TB. Since M. tb acts as an intracellular pathogen, cell-mediated immune response plays an important role in
disease control. Therefore, screening of CD8+ T cell epitopes of M. tb antigens could aid in the development of an effective vaccine against TB. In the current study, a reverse
vaccinology approach was utilized to predict and map cytotoxic T lymphocyte (CTL) epitopes in the virulent proteins that are also essential for M. tb.

Materials and Methods: Database of Essential Genes and Virulence Factor Database were used for identifying the virulent proteins of M. tb and their antigenicity was
assessed using VaxiJen server. Various immunoinformatics tools were used to predict MHC class I binding, MHC processing, immunogenicity, toxicity and allergenicity.
Results: Twelve M. tb antigens were selected for the prediction analyses using various tools. The results indicated the presence of 20 novel CTL epitopes predicted against
human HLA-A alleles. This study has also screened for multiple allele binding epitopes that could be used as a vaccine component.

Conclusion: This study has yielded a few hitherto unreported CTL epitopes binding to class I HLA-A alleles. Further experimental validation is necessary for confirming
their potential as vaccine candidates.
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Oz

Amag: Mycobacterium tuberculosis (M. tb) kaynakl tiiberkiiloz (TB), diinya ¢apinda milyonlarca insanin 6liimiine neden olan en amansiz hastaliklardan biridir. TB’nin
yaygin oldugu cogu iilkede kullanilmakta olan tek asi Bacillus Calmette-Guérin’dir (BCG). Asilamaya rapmen bu hastalik, TB’ye kars: etkin bir asinin gelistirilmesini
gerektiren sekilde gelisen iilkelerin cogunda halen etkilidir. M. tb’nin intraseliiler bir patojen olarak hareket etmesinden otiirii, hiicre aracilikli immiin cevap, hastaligin
kontroliinde énemli bir rol oynamaktadir. Bu nedenle M. tb antijenlerinin CD8+ T hiicresi epitoplarinin taranmasi, TB’ye karg1 etkin bir aginin gelistirilmesine yardimci
olabilir. Mevcut ¢calismada, M. tb i¢in de gerekli olan viriilan proteinlerdeki cytotoxic T lymphocyte (CTL) epitoplarinin 6ngoriilmesi ve haritalanmast igin ters as1 yaklagimi
kullanilmigtir.

Gereg ve Yontem: M. Tb’nin viriilan proteinlerinin tanimlanmasi i¢in Temel Genler Veritabani ve Viriilans Faktorii Veritabani kullanildi ve antijenlikleri, VaxiJen sunucusu
kullanilarak degerlendirildi. MHC simif I baglayiciligi, MHC isleme, immiinojenisite, toksisite ve alerjiklik hakkinda tahminde bulunmak tizere ¢esitli immiinoinformatik
araclar kullamldi.

Bulgular: Tahmin analizleri i¢in farkli araglar kullanilarak M. tb antijenleri se¢ildi. Sonuclar, insan HLA-A allellerine kars1 6ngoriilen 20 yeni CTL epitopunun oldugunu
gosterdi. Bu calismada ayn1 zamanda bir ag1 bileseni olarak da kullanilabilecek olan ¢oklu allel baglayici epitop icin de tarama yapildi.

Sonug: Bu calisma, simf I HLA-A allellerine baglanan ve simdiye kadar bildirilmemis birka¢ CTL epitopunu ortaya koymustur. Ast adaylar1 olarak potansiyellerini
dogrulamak i¢in daha fazla deneysel validasyon gereklidir.

Anahtar kelimeler: Tiiberkiiloz, Mycobacterium tuberculosis, CTL epitoplar1
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Introduction

Mycobacterium tuberculosis (M. tb) is an airborne
pathogen that causes tuberculosis (TB) in human beings.
The bacterium, first isolated by Robert Koch in 1882,
mainly affects the lungs and causes a severe form of the
disease called pulmonary tuberculosis.! TB is one of the
top 10 causes of death. It has been estimated that more
than 1.4 million people died from TB in 2019. Among
them, 208,000 people were HIV patients.”! Although TB
has been reported to be a complication of other diseases,
M. tb is one of the fatal infectious agents in recent years
followed by HIV/AIDS.®) To date, Bacillus Calmette-
Guérin (BCQG) is the only vaccine available for TB, which
is a live attenuated strain of Mycobacterium bovis."
Though it confers protection against TB in children, the
efficiency of the vaccine in adults is still debatable.!”
Although several subunit vaccines, viral vector vaccines,
inactivated whole-cell vaccines, and DNA vaccines have
been developed, they have not effectively eradicated the dis-
ease. Hence, there is a need for a potent vaccine with the
ability to prevent TB infection at any stage of the disease.

Scientists in the field of TB research have focused on
T-cell responses, especially CD4+ T cells, for many years.
But recently, the CD8+ subset of T cells has drawn the
attention of researchers. The intracellular antigens in the
cytoplasm of the cells are presented by MHC Class I mol-
ecules, which are then recognized by the CD8+ T cells 5!,
Though M. tb resides in the vacuole of the cells, but not in
the cytoplasm, studies suggest that it may gain access to
the cytoplasm through pores in the membrane.* Escape
of M. tb from the phagosome into the cytoplasm aids in the
subsequent presentation by Class I MHC molecules.”
Several other alternative mechanisms for MHC Class I
loading of M. tb antigens have also been reported.””! Other
studies have also demonstrated MHC Class I presentation
of M. tb antigens from infected cells to CD8+ T cells.51%
These experiments were conducted on human beings
and mice, in which antigens recognized by CD8+ T
cells were also identified.®!* MHC in human beings is
encoded by different alleles of Human Leukocyte
Antigen (HLA).'¥ In general, the optimal length of
cytotoxic T lymphocyte (CTL) epitopes is usually con-
sidered to contain 8 to 11 amino acids. The features of
the peptides sequence help in the binding of the epitope
to the specific anchor residues at the cleft of HLA mol-
ecules.¥

The antigen-presenting cells process the M. tb spe-
cific antigens in the proteosomal compartment.'>! The
final peptide-MHC complex interacts with the T cell
receptor and activates the effector CTL.!'! Subsequently,
the activated CTL produces different cell lysis enzymes
and exerts a toxic effect on virus-infected cells.!"”
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Importantly, they also lyse M. tb infected macrophages
and kill the infected cells in an antigen-specific manner.!'”
Hence, CD8 T cells are a very potent subset of T cells that
have the potential to prevent the disease and kill the M. tb
cells."> Therefore, it is evident that activation of cell-me-
diated immune response is crucial to prevent infection
caused by intracellular pathogens, especially M. tb.!'! This
study aims to identify the CD8+ CTL epitopes for the
development of an epitope-driven vaccine against TB.

The computational approach in such studies helps in
the augmented discovery of potential epitopes for vaccine
development.!'2% Recently, various online resources and
software have influenced the field of immunology.'”-*"!
Such resources have also provided insight into the immune
system.['2% Immunoinformatics is a discipline that uses
computational and mathematical approaches for a better
understanding of large-scale immunological data.?! It also
helps in converting this data into an immunologically
meaningful interpretation.?!! Immunoinformatic tools are
used to study and design algorithms for B- cell and T-cell
epitope mapping.

Several immunoinformatics tools are used to predict
potential vaccine candidates.?? These tools use various
computational algorithms such as Artificial Neural Network
(ANN), Stabilized matrix method (SMM), MHC binding
energy covariance matrix (SMMPMBEC), and QM.
Most of the epitope prediction methods are based on the
potential binding ability of peptides to MHC. Indeed,
MHC-peptide binding is most responsive to the computa-
tional analysis.?*? Prediction of potent epitopes play a sig-
nificant role in the development of candidate vaccines.?®

In the current study, a reverse vaccinology approach is
followed to predict the M. tb CTL epitopes by using
immunoinformatics tools. The reverse vaccinology
approach aided in the minimization of a very high number
of peptides from virulent proteins of M. tb into selected
potent epitopes.

Materials and Methods

Selection of proteins

The essential genes of M. tb were retrieved from DEG
(Database of Essential Gene) online database.”” Essential
genes were further analyzed through VFDB (Virulence
Factor Database) to predict the virulent proteins.'?®!

VaxiJen v2.0 server was then used to identify the anti-
genic nature of the selected virulent proteins. A threshold
value of = 0.4 was set to consider any protein as an anti-
gen.””’ CELLO2GO online server was used to predict the
subcellular localization of antigenic proteins.*” Finally, a
set of essential, virulent, antigenic proteins with predicted
subcellular localization were derived. These proteins were
taken for further analysis.



CTL Epitope mapping

CTL epitopes in selected proteins were predicted using
IEDB-AR Resource.’ Based on the literature survey,
HLA-Aalleles A*0101,A*0201,A*0206, A*0301, A*1101,
A*2402, A*2601, A*3101, and A*3303 were used for CTL
epitope mapping.1*?

Class I MHC Binding analysis

IEDB provides numerous tools such as ANN, SMM,
SMMPMBEC, and scoring matrices derived from combina-
torial peptide libraries to predict T and B cell epitopes.l*!)
Peptides of 8,9, 10, and 11-mer length in the selected pro-
teins were predicted for their ability to bind nine HLA-A
alleles. Peptides with a percentile score of 1% or less were
considered as potent epitopes and the peptides with lower
percentiles were considered as strong binders.*

Multiple allele binding epitopes were also selected and
analysed further.

Class I MHC processing analysis

The default prediction method of class I MHC process-
ing analysis was followed to analyse multiple allele bind-
ing CTL epitopes (8 to 11-mer). The combined score of
MHC binding, proteasomal processing, and TAP Transport
was considered to select potent T cell epitopes.**3

Class I MHC Immunogenicity analysis

Peptides presented on the MHC molecule are recog-
nized by T cells and provoke the immunity.*® Although
Class I immunogenicity analysis predictions can be made
for any epitope lengths, it mainly authorizes 9-mer epitopes.
A positive score indicates the immunogenicity of epitopes,
and so others were excluded from this study. Therefore
8-mer and 11-mer peptides were eliminated from this
study whereas 9-mer and 10-mer peptides were further
analysed.

Non-Toxic, Antigenic, Non-allergic Peptides and
BLAST with human proteome

A potential vaccine candidate should be non-toxic,
non-allergic, and antigenic. Therefore, peptides that are
toxic, allergic, and non-antigenic were eliminated from
this study. ToxinPred v2.0 server was used to predict toxic
peptides from the predicted immunogenic epitopes. The
toxicity prediction is based on the physicochemical prop-
erties of amino acids.””’ VaxiJen v2.0 tool was used to
predict the antigenic peptides. The peptides with a thresh-
old value of =0.4 were considered to be antigens.?
AllerTop v2.0 server was used to predict the allergic
epitopes. Based on this predictions the selected peptides
were classified as allergen and non-allergen.® Finally, the
predicted epitopes were compared with human proteome
(taxid:9606) using protein BLAST tool to rule out similar-
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ity with human proteome thereby reducing the possibility
of autoimmunity. A total of 1242 M. tb essential proteins
were retrieved from the Database of Essential Gene data-
base. These proteins were further analyzed through VFDB
(Virulence Factor Database). We have selected 9 HLA-A
alleles (HLA-A*01:01, -A*02:01, -A*02:06, -A*03:01,
-A*11:01, -A*24:02, -A*26:01, -A*31:01 and -A*33:03)
that have been already reported as high frequency HLA-A
alleles with worldwide distribution.

Results

Selection of target proteins

Twenty-five out of 1242 essential proteins, were con-
firmed as virulent proteins. Interestingly, all the 25 pro-
teins scored above the threshold value (0.4) and they were
confirmed as antigens when tested using VaxiJen server
(Figure 1). Fifteen out of 25 proteins analyzed using
CELLO2GO are localized in the cytoplasm, 6 in the mem-
brane, 3 in the extracellular region, and 1 in the periplas-
mic region.
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Figure 1. Selection of target proteins by manual screening using DEG,
VFDB, and Vaxilen.

Class I MHC binding analysis

A total of 1814 CTL epitopes were predicted from 25
selected M. tb target proteins using 9 different HLA
alleles. Peptides were predicted to be of various lengths
such as 8-mer (3.03%), 9-mer (50.60%), 10-mer (39.69%),
and 11-mer (6.67%) peptides with =1 percentile score. The
number of peptides predicted in HLA-A*33:03 were 604,
204 in HLA-A*02:006, 186 in HLA-A*31:01, 170 in HLA-
A*02:01, 148 in HLA-A*26:01, 138 in HLA-A*11:01,
133 in HLA-A*24:02, 120 in HLA-A*01:01, and 111 in
HLA-A*03:01 (Figure 2).

The highest number of peptides were predicted in
the protein, eccC3 (n=246), followed by rel A (147),
eccDS5 (138), eccD3 (133) proteins. Lowest number of
peptides were predicted in PE/PES protein (n=9) (Figure
3).
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HLA-A Alleles

Figure 2. Distribution of predicted epitopes binding to various HLA-A
alleles.
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Figure 3. Distribution of predicted peptides in various target proteins of
M. tuberculosis.

Multiple Allele Binders

A total of 268 multiple allele binding CTL epitopes
were identified out of 1814 class I MHC binders. The
maximum number of multiple allele binding peptides was
observed in 9-mer (Total: 164) followed by 10-mer (Total:
95), 8-mer (Total: 6), and 11-mer peptides (Total: 3)
(Figure 4).
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Figure 4. Presence of multiple allele binders among the predicted
epitopes of varying length.

Class I MHC Processing analysis
A total of 157 MHC Class I processing epitopes were
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predicted out of 268 multiple allele binding epitopes.
Among them 106 epitopes were 9-mer in length; and 51
epitopes predicted in 10-mer in length; whereas, none of
the epitopes showed positive processing score in 8-mer
and 11-mer in lengths. Epitopes with negative scores were
eliminated and those with positive scores were analysed
further (Figure 5).
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Figure 5. Peptides of 9-mer and 10-mer in length predicted in each step
of the pipeline.

Class I MHC immunogenicity analysis

The pMHC prediction tool was used to identify the
immunogenicity of processed M. tb CTL epitopes. This
tool does not contain an option for HLA-A*33:03.
Therefore, immunogenicity prediction was performed
against the remaining eight HLA-A alleles. A total of 106
(9-mer) and 51 (10-mer) epitopes were analysed. Among
them, 65 (9-mer) and 33 (10-mer) epitopes have shown
positive immunogenicity scores (Figure 5).

Non-Toxic, Antigenic, Non-allergic Peptides and
BLAST with human proteome

A total of 98 immunogenic epitopes were further
analysed in the ToxinPred server to predict non-toxic
peptides. None of the epitopes were predicted as toxic.

All the non-toxic peptides were further analysed using
the VaxiJen server to predict antigenic peptides. The anti-
genicity analysis using VaxiJen server predicted 47 pep-
tides as antigenic (32 9-mer and 15 10-mer). All the 47
antigenic epitopes were further analysed using the AllerTop
server to predict the non-allergic peptides. A total of 22
peptides were predicted to be non-allergic (17 9-mer and
510-mer).

Twenty out of 22 peptides (15 9-mer and 5 10-mer)
were found to be novel immunodominant epitopes
(Table 1; Table 2; Figure 5). Further, the predicted novel
epitopes were analysed for similarity with human pro-
teome using BLAST and none of the epitopes have shown
100% similarity with human proteome ruling out the pos-
sibility of autoimmunity.



Table 1. Novel M. tuberculosis 9-mer CTL epitopes.
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S.No Proteins Start End Length Peptide Binding Allele Percentile score

1 panD 56 64 9 VTYAITGER HLA-A*31:01 0.64

2 devS 26 34 9 RLHELLVEV HLA-A*02:01, HLA-A*02:06 0.3,0.26

3 relA 421 429 9 FAYAVHTEV HLA-A*02:06 0.28

4 eccB3 42 50 9 VTGWRFVMR HLA-A*31:01 0.35

5 eccB3 43 51 9 TGWRFVMRR HLA-A*31:01 0.78

6 eccC3 1190 1198 9 WTFAGHTHY HLA-A*01:01, HLA-A*26:01 0.42,0.69

7 eccD3 464 472 9 GLFAWVLNR HLA-A*31:01 0.58

8 eccD3 362 370 9 ATAAAATLR HLA-A*11:01 0.94

9 eccD3 461 469 9 YLVGLFAWV HLA-A*02:01, HLA-A*02:06 0.2,0.07

10 eccE3 106 114 9 RYLDRYGIR HLA-A*31:01 0.28

11 eccE3 251 259 9 YTVAAACAL HLA-A*02:06 0.82

12 PPE4 68 76 9 YVAAHLPYV HLA-A*02:01, HLA-A*02:06 0.3,0.06

13 eccB5 35 43 9 MALTRWRVR HLA-A*31:01 0.33

14 eccB5 465 473 9 SLAPWVALR HLA-A*31:01 0.39

15 eccES5 20 28 9 FLVDVLILA HLA-A*02:01, HLA-A*02:06 0.2,0.12

Table 2. Novel M. tuberculosis 10-mer CTL epitopes.

S.No Proteins Start End Length Peptide Binding Allele Percentile score

1 eccB3 41 50 10 QVTGWRFVMR HLA-A*31:01 0.85

2 eccC3 755 764 10 ATIGEQLARY HLA-A*26:01 0.38

3 eccD3 287 296 10 ALWARFPLPV HLA-A*02:01 0.13

4 eccB5 34 43 10 AMALTRWRVR HLA-A*31:01 042

5 eccES 20 29 10 FLVDVLILAV HLA-A*02:01, HLA-A*02:06 0.13,0.07
Discussion A*31:01 and -A*33:03) that were already reported as the

Since M. tb infects and survives inside the macrophag-
es, it is mandatory to activate the cell-mediated immunity
in order to eliminate this intracellular pathogen. Instead of
concentrating on B cell and antibody-mediated immune
response, T cells should be induced to fight against
M. tb.P" There are several studies and reports on the
response of human CD8+ T cells to M. tb antigens. These
studies reveal that CD8+ T cells prevent the replication of
M. tb in the alveolar macrophages.*” Hence, the present
study focused on the identification of the CD8+ CTL epitopes
for the epitope-based vaccine development for TB.

The M. tb genome has a larger number of proteins.*!
Proteins developed for vaccine development should be
essentially immune dominant. Therefore, 25 such proteins
of M. tb were used to predict the potential epitope vaccine
candidate against tuberculosis. Among these 25 proteins,
PPE family protein (PPE4) showed the highest antigenic
score of 0.7141. IEDB-AR was used to map M. tb CTL
epitopes. In this study, the sequence-based epitopes predic-
tion method for analysing CTL epitopes was chosen.
Hence, the IEDB- recommended approach for MHC bind-
ing prediction was selected. Nine HLA-A alleles (HLA-
A*01:01, HLA-A*02:01, HLA-A*02:06, HLA-A*03:01,
HLA-A*11:01, HLA-A*24:02, HLA-A*26:01, HLA-
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high frequency HLA-A allele that are distributed world-
wide were selected.’? Using this approach a total of 1814
class I MHC binding peptides were predicted against these
nine different HLA-A alleles.

Both dominant epitopes for the same and different
MHC alleles must be considered in epitope-based vaccine
development trials. Although this collection of epitopes
may not include every peptide derived from the protein, it
includes adequate number of epitopes to induce an effec-
tive immune response.*? In this study, the epitopes pre-
dicted in each allele were compared with one another for
the prediction of multiple allele binding epitopes. The pep-
tide of ESAT-6 Excretion system protein (EeccC3),
RVIPPSLLR,, ,, binds to four HLA alleles with a low
percentile score of 0.72, 0.38, 0.46, and 0.78 for HLA-
A*03:01, HLA-A*11:01, HLA-A*31:01, and HLA-
A*33:03, respectively.

The protein antigens are processed in proteasomes and
further these peptides are transported to the surface of
antigen-presenting cells by TAP.?? This processing step is
important for the expression of peptide- bound MHC mol-
ecules on antigen-presenting cells.??! The T-cell receptors
specific for peptides are also presented on antigen-present-
ing cells along with peptide bound MHC class I molecules
during CTL activation. Therefore, antigen processing and
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transport must also be considered for epitope-based vac-
cine development.?? A total of 268 multiple allele binding
peptides were analysed for MHC class I processing. This
analysis resulted in 157 peptides with a positive score. All
of them were either 9-mer or 10-mer in length. Five pep-
tides from four different M. tb proteins were observed to
be processed by three HLA-A alleles. They are mmaA4 -

TTMRRAVER,,,, icl - HTYPDQSLY , .., sigA -
STYATWWIR,, ..., eccD5 - HTIYSPLFR, .., and katG
- KTFGFGFGR ., ... Immunogenicity is defined as the

ability of peptides to stimulate T cells. Therefore, predic-
tion of T-cell epitope aims to identify the immunogenicity
of the shortest peptide within a protein that can induce
CDS8 T-cell response.*3# A total of 98 epitopes were pre-
dicted as immunogenic epitopes using the [EDB immuno-
genicity analysis tool. Unfortunately, the allele HLA-
A*33:03 was not available in the prediction tools.
Therefore, we could not include the epitopes predictedly
bind to HLA-A*33:03 allele for further analysis.

One of the major characteristics of the predicted pep-
tide is that it should be non-toxic to cells. Therefore, toxic
peptides were eliminated by using the ToxiPred tool.
Prediction in ToxinPred is mainly based on machine learn-
ing techniques and quantitative matrix methods."”
Interestingly, none of the epitopes were predicted to be
toxic in our study. Another important characteristic of the
predicted peptide is its antigenicity. Antigenicity is the
ability of peptides to bind the immune cells or antibodies
to provoke an immune response.“? VaxiJen server was
used to identify the antigenic peptides. The highest number
of the antigenic score (1.2721) was observed for
VIGWRFVMR,_, ,, the peptide of eccB3.

The vaccine should not be allergic to the host. Hence,
AllerTop server was used to remove the allergic peptides.
Finally, 47 immunodominant epitopes were predicted
using a reverse vaccinology approach. An epitope,
GTVRSRIHR,, . ..., from M. tb protein sigE induces IL4.
This epitope was predicted in IL4Pred.*”V Similarly,
KTFGFGFGR _, .. epitope from katG protein has been
reported to induce IFN gamma and IL4 in an in vivo study.
[47 48]

In this study, 20 novel CTL epitopes were predicted
from 12 different M. tb proteins. A similar study has been
conducted with a protein called panD with epitope
VTYAITGER, . Rhis protein is involved in lipid biosyn-
thesis and metabolism in M. tb., and it is crucial for the
intracellular replication and persistence of M. tb.**! Another
protein relA, with epitope FAYAVHTEV .., is required
for the long time survival of M. tb.5% The protein devS,
with peptide RLHELLVEV, ,, regulates the oxidative
stress response. It plays an important role in mycobacterial
dormancy response induced by oxygen starvation.!
Similarly, = PPE4  (YVAAHLPYV eccB3

68-76) ’

25

(VTGWRFVMR,, , and TGWRFVMRR,, ), eccC3
(WTFAGHTHY, ,.), and eccD3 (GLFAWVLNR,, .
ATAAAATLR,, ., and YLVGLFAWV, . ) were

461-469
required for siderophore- mediated iron acquisition in M.

tb.52 In the present study, we predicted 20 novel CTL
epitopes extracted from the various virulent proteins of M.
tb using different prediction tools. Few of them were
already reported to induce immunological response in
vivo. Further study is needed to analyse the immunologi-
cal response of this novel epitopes.
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