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Abstract

Non availability of effective anti-TB vaccine impedes TB control which remains a crucial
global health issue. A fusion molecule based on immunogenic antigens specific to different
growth phases of Mycobacterium tuberculosis can enhance T-cell responses required for
developing a potent vaccine. In this study, six antigens including EspC, TB10.4, HspX,
PPE57, CFP21 and Rv1352 were selected for constructing EspC-TB10.4 (bifu25),
TnCFP21-Rv1352 (bifu29), HspX-EspC-TB10.4 (trifu37), HspX-TnCFP21-Rv1352 (trifu44)
and HspX-EspC-TB10.4-PPE57 (tetrafu56) fusion proteins. Th1-cell epitopes of EspC,
PPE57 and Rv1352 antigens were predicted for the first time using different in silico tools.
The fusion molecule tetrafu56, which consisted of antigens from both the replicating and the
dormant stages of Mtb, induced a release of 397 pg/mL of IFN-y from PBMCs of the active
TB patients. This response was comparable to the response obtained with cocktail of the
component antigens (396 pg/mL) as well as to the total of the responses obtained sepa-
rately for each of its component antigens (388 pg/mL). However, PBMCs from healthy sam-
ples in response to tetrafu56 showed IFN-y release of only 26.0 pg/mL Thus a previous
exposure of PBMCs to Mtb antigens in TB plasma samples resulted in 15-fold increase in
IFN-y response to tetrafu56 as compared to the PBMCs from the healthy controls. Hence,
most of the T-cell epitopes of the individual antigens seem to be available for T-cell interac-
tions in the form of the fusion. Further investigation in animal models should substantiate the
immune efficacy of the fusion molecule. Thus, the fusion tetrafu56 seems to be a potential
candidate for developing an effective multistage vaccine against TB.

1. Introduction

Tuberculosis (TB) is the leading cause of human deaths worldwide from a single infectious
agent, which is Mycobacterium tuberculosis (Mtb). It remains a great health menace to the
world particularly with the emergence of multi and extensively drug resistant strains of Mtb.
In 2019, 1.2 million deaths and 10 million new active TB cases were reported by WHO [1].
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Globally, effective control of TB is based on early diagnosis, proper treatment and efficacious
vaccine development. Protection against Mtb is based on the production of strong cell-medi-
ated immune (CMI) responses involving the release of multiple cytokines like IFN-y, TNF-o
and IL-2 which actuate the invaded macrophages to eliminate the intracellular Mtb [2]. The
production of IFN-y by activated macrophages, natural killer cells, Th1 cells, and dendritic
cells is predominantly related with protection against Mtb [3]. BCG, the only vaccine available
for TB confers inconsistent protection against pulmonary TB in adults [4]. Therefore, there is
a dire need to develop more effective subunit vaccines consisting of immunogenic antigens of
Mtb to provide protection against Mtb [5].

Fusion molecules based on multiple Mtb antigens can induce strong protective CMI
responses in genetically heterogeneous human populations [6]. A recent review has dealt with
different approaches including the use of fusion antigens, for developing a TB vaccine [7]. A
pre-exposure booster vaccine, made up of Rv1196 and Rv0125 showed 54% vaccine efficacy in
the phase IIb trial for TB infected adults of Kenya, South Africa and Zambia [8]. Another
fusion of Ag85B, ESAT-6 and Rv2600, designed for pre- and post-infection vaccination, is also
under evaluation for prevention of TB recurrence [9]. Multistage subunit vaccine consisting of
three early stage antigens Rv3620, Rv2608, Rv3619 and a latent stage antigen Rv1813 is under
evaluation for its safety, tolerability and recurrence [10]. Although there are several reports
with different levels of success, further work is required to achieve the targets of high efficacy
and wide applicability of the vaccines.

The six T-cell epitopes containing Mtb antigens, which were reported specific to different
stages of microbial growth and disease stages, included in this study were HspX, EspC, TB10.4,
PPE57, CFP21 and Rv1352. EspC (Rv3615c¢) is a RD1-dependent secreted antigen of Mtb [11].
It can elicit significant T-cell responses in humans, inducing the production of Th1 cytokines
like IL-2, IFN-y and TNF-a, equivalent to the levels produced by ESAT-6 and CFP-10 [12,13].
A DNA vaccine (p846) containing EspC was also reported to induce specific Th1-type CD4"
response in mice [14]. PPE57 (Rv3425), a cell wall associated antigen belongs to PPE family
and its locus is present in RD11 region of Mtb genome, which is absent in BCG strains [15,16].
The recombinant BCG containing Ag85B-PPE57 fusion antigen and PPE57 alone, generated
higher levels of IFN-y in antigen-activated T-cells [17]. TB10.4 (Rv0288) is an early secreted
antigen which plays a key role in the intracellular survival of Mtb [18]. It contains multiple T-
cell epitopes and induces an increased level of IFN-y secretion than ESAT-6 in TB patients
[19]. The multistage fusion-proteins Ag85B-TB10.4-Rv2660c, TB10.4-HspX and
TB10.4-Ag85B also elicited strong host CMI responses [20-23].

HspX (Rv2031Ic) is a cytosolic protein with a chaperone-like activity and performs the pro-
tective role during intracellular stress [24]. It can generate both antibody and CMI responses
in active and latent stages of Mtb infection [25]. A subunit vaccine consisting of Ag85B-
Mpt64,90_198-HspX fusion protein generated high levels of IFN-y responses in mice [26].
Rv1352 is an uncharacterized outer cell membrane protein which showed a strong immune
response [27]. CFP21 (Rv1984c) belongs to RD2 region of Mtb genome that has been reported
to produce high levels of IFN-y and IL-12 responses [28].

These six antigens and their fusion constructs EspC-TB10.4 (bifu25), TnCFP21-Rv1352
(bifu29), HspX-TnCFP21-Rv1352 (trifu44), HspX-EspC-TB10.4 (trifu37) and
HspX-EspC-TB10.4-PPE57 (tetrafu56) were evaluated for their potential to induce T-cell spe-
cific IFN-y response from human PBMCs. The fusion tetrafu56 generated 15-fold higher IFN-
y response from PBMCs of TB patients than the healthy individuals thus it seems to be a
potential base molecule for developing a multistage subunit vaccine against TB.
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2. Materials and methods
2.1 Prediction of epitopes and molecular modelling

Six immunogenic Mtb antigens EspC (Rv3615), HspX (Rv2031c), TB10.4 (Rv0288), PPE57
(Rv3425), CFP21 (Rv1984) and Rv1352 were selected for this study. Using immune epitope
database (IEDB) (http://www.immuneepitope.org) [29], the T-cell epitopes of HspX, CFP21
and TB10.4 were retrieved. Since no T-cell epitope data was available for EspC, PPE57 and
Rv1352, their potential Th1-cell epitopes were predicted for the first time by determining bind-
ing affinity of the antigens to MHC class II molecules through binding prediction tool using
the consensus approach available on IEDB Analysis Resources (IEDB-AR) (http://tools.iedb.
org/mhcii/) [30]. A panel of 15 HLA-DR, 6 HLA-DP and 6 HLA-DQ alleles were selected
which included MHC class-II supertypes and the most common allelic variants based on their
high allelic frequency present in Pakistani human population and most other ethnic groups
[31]. All 15-mer peptides were selected for their strong binding affinity to HLA class II mole-
cules with ICs (inhibitory concentration) values of <50 nM. The peptide regions were further
verified by NetMHCIIpan 4.0 predictor (https://services.healthtech.dtu.dk/service.php?
NetMHCIIpan-4.0) based on artificial neural networks (ANN) method. The strong binding
peptides with a rank value of 1% or less were selected as potential Th1-cell epitopes [32]. Fur-
thermore, HLA-DR promiscuous peptides of EspC and PPE57 were confirmed using Propred
web server (http://www.imtech.res.in/raghava/propred/) [33] at a default threshold value of
3.0. It is a web server using matrix-based algorithm for locating the promiscuous MHC class II
binding regions of the antigenic proteins that can bind to 51 HLA-DR giving 95% population
coverage. The peptides found to bind more than 50% of serologically defined HLA-DR mole-
cules were predicted as promiscuous Th1-cell binders [34]. 3-dimensional structures of pro-
teins were predicted using Raptor-X Server and validated through Verify 3D and Procheck as
described previously [35,36]. Moreover, solvent accessibility analysis of the predicted models
was determined by CPORT online web server (http://haddock.science.uu.nl/services/ CPORT)
[37]. The 3D structures were visualized using Pymol graphical program by Schrodinger.

2.2 Cloning and expression of the antigens and their fusions

For amplification of DNA sequence encoding Mtb antigens EspC (Rv3615), HspX (Rv2031c¢),
TB10.4 (Rv0288), PPE57 (Rv3425), CFP21 (Rv1984) and Rv1352 genomic DNA of Mtb H37Rv
was isolated and used as template [38]. The ORFs of Rv3615c, Rv2031c, Rv0288, Rv3425,
Rv1984c and Rv1352 encoding EspC (312bp), HspX (435bp), TB10.4 (294bp), PPE57 (531bp),
CFP21 (558bp) and Rv1352 (312bp) antigens, respectively were PCR amplified using forward
and reverse primers, shown in Table 1. To construct fusion proteins, genes encoding HspX,
EspC, TB10.4, PPE57, CFP21 and Rv1352 antigens were amplified using primer sets F7-R9,
F2-R2, F4-R4 & F4-R5, F6-R7, F9-R10 and F11-R13, respectively (Table 1). For developing
multiepitope fusion constructs, the DNA fragments were cloned sequentially, using compati-
ble restriction sites according to the scheme shown in Fig 1. The complete detail of the scheme
used for the synthesis of fusion molecules can be followed from the information provided in
Table 1 and Fig 1. Each of the fragment after amplification and restriction with the corre-
sponding enzymes were gel purified [35,36]. The correct sequence and integration of the DNA
inserts in all the recombinant plasmids were confirmed commercially (1% Base company,
Malaysia).

For the expression of the recombinant proteins, competent cells of E. coli BL21-CodonPlus
(DE3)-RIPL were transformed with the recombinant plasmids containing single and the
fusion constructs. Cultivation of the cells was done in Luria Bertani (LB) medium at 37°C. The
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Table 1. Primers for PCR amplification with the restriction sites shown in bold.

Antigen Primer Sequence (5 ‘3’) Restriction sites Annealing
temperature (°C)
HspX F7 GCATTG CATATG GCCACCACCCTTCCCGTTC Ndel 76.3
R8 ACGGACCCAGTGGTCAGTTGG None 65.3
R9 TCAAT GGATCC GGT GGC AGC GTT GGT GGA CC BamHI 77.6
EspC F1 GGACATATGACGGAAAACTTGACCGTC Ndel 68.2
R1 TTAAAGCTTTCAGGTAAACAACCCGTCGATAG HindIIl 70.1
F2 CTGGTAGGATCCATGACGGAAAACTTGACCGTC BamHI 75.2
R2 CATATGAATTCGGTGGCGGCAGCGGTAAACAACCCGTC EcoRI 79.4
TB10.4 F3 GCATATGTCGCAAATCATGTACAACTACC Ndel 67.4
R3 TGAATTCCTAGCCGCCCCATTTG EcoRI 64.6
F4 TCTGA GAATTC ATGTCGCAAATCATGTACAAC EcoRI 68.7
R4 TATACAAGCTTCTAGCCGCCCCATTTGG HindIIl 70.1
R5 TATAAGCTTGGTAGCGCCGCCCCATTTG HindIII 71.6
PPE57 F5 GTCTACATATGCATCCAATGATACCAG Ndel 65.3
R6 GTATAAGCTTCTACCCGCCCCTGTA HindIII 67.4
F6 ATCTAAGCTTATGCATCCAATGATACCAGCGGAGT HindIII 73.1
R7 TTAT GCGGCCGC CTA CCC GCC CCT GTA Notl 75.9
CFP21 F8 CATATGGACCCGTGTTCGGAC Ndel 63.2
R12 TAAGCTTTCATCCGGCGTGATCG HindIIl 64.6
Tnl1CFP21 F9 TAGGATCCGGCTCTCAGGCTTCTGGTC BamHI 72.2
F10 CATATGCAGGCTTCTGGTCTTGG Ndel 64.6
R10 GGAATTCTTAAATATTGCCGCCTCC EcoRI 64.1
R11 ATATTAGAATTCGATGTTGCCGCCTCC EcoRI 66.6
Rv1352 F11 TAGAATTCGCAATCACGCTCGC EcoRI 62.1
R13 ACTCGAGCTATGAGATCCGCATC Xhol 64.6

https://doi.org/10.1371/journal.pone.0271126.t001

CFP21 (186 A.A)

— P
EspC (103AA)  TB10.4 (96 A.A) PPES7 (176 A.A.) HspX (144 A.A) e A5, RVI3S2(103A.A)
RUR? F3/F4 R3/R4/RS F5/F6 R6/R7 F7 R$/R9 F8 FIF10 lRWRU R12
TnCFP21
EspC-TB10.4
l TnCFP21-Rv1352

T cell epitope of EspC T cell epitopes of TB 10.4 & T cell epitopes of PPES7 [l T cell epitopes of HspX
T cell epitopes of Rv1352 B 7cel epitopes of CFP21

Fig 1. T-cell specific epitopes of the antigens used in this study as the scheme for construction of the fusion
molecules.

https://doi.org/10.1371/journal.pone.0271126.g001
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induction of bacterial culture was done with 0.5mM IPTG when ODg, reached 0.6-0.8 fol-
lowed by further incubation for 5 hours. The harvested BL21cell were resuspended in 20mM
Tris—Cl buffer (pH 8.0) containing 0.2M NaCl and ImM PMSF and cell lysis was performed
using Sonics Vibra-Cell VCX-500 Ultrasonic Processor. The cell lysates thus obtained were
centrifuged at 7,000 rpm for 15 minutes to separate the soluble and the insoluble fractions. Sol-
ubility of the expressed protein was checked by the analysis of lysate supernatant and SDS
PAGE analysis of lysate supernatants. Soluble proteins were purified through Ni-affinity chro-
matography. The inclusion bodies, if obtained, harvested through centrifugation at 3,000rpm
for 20 minutes. After washing with 0.5% Triton X-100, the protein was solubilized in 20mM
Tris—Cl (pH 8.0) containing 8M urea, 0.2M NaCl and 1mM PMSF. The solubilized proteins
were purified through Ni*+-affinity chromatography [39]. Dialysis of the combined fractions
containing the eluted proteins was done against 20mM Tris-Cl (pH 8.0). The molecular mass
and purity of all the single and fusion proteins were assessed by 12% (v/v) SDS-PAGE. The
percentage expression of all the recombinant proteins was analyzed by densitometric scanning
of the SDS gel using Syngene gel documentation system (United Kingdom). Dye binding assay
using BSA as a standard was performed to determine the protein concentrations [40].

2.3 Study subjects

The study was approved by the Institutional Review and ethics Board (IRB No. 00005281) of
the School of Biological Sciences, University of the Punjab, Lahore, Pakistan (SBS/767/17) and
the blood samples were collected during the period of Nov 2020-Dec 2020 and written consent
was also obtained from all the study participants before collecting the blood samples. TB
Patients were recruited according to the guidelines of World Health Organization (WHO) and
National TB control Program for diagnosis and treatment of TB [41].

The healthy group consisted of 10 individuals (8 males and 2 females aged 22-36 years;
mean age, 30 years). They had no clinical history of TB and were BCG vaccinated in childhood.
The 21 active TB patients (17 males and 4 females aged 15 to 52 years; mean age, 32 years)
were recruited from the outdoor patient department of Gulab Devi Chest Hospital, Lahore. All
the TB patients were confirmed on the basis of clinical and radiological findings followed by
direct AFB sputum smear microscopy and mycobacterial culturing. All the study subjects were
HIV negative and they were not taking any immunosuppressive drugs. All the patient’s blood
samples were drawn shortly after diagnosis and before the start of anti-TB treatment.

2.4 Isolation and in vitro stimulation of human PBMCs

PBMC:s were isolated from heparinized peripheral blood after dilution with equal volume of
1x RPMI 1640 complete medium (Gibco Life Technologies) according to standard protocol
with some modifications [42]. 5ml of the freshly diluted blood was layered on top of Ficoll-
Paque PLUS (GE Healthcare) and centrifuged at 2,000 rpm with no brakes for 10 minutes at
20°C. The mononuclear cell layer was isolated from underneath Ficoll-layer and washed twice
with RPMI 1640 medium and finally resuspended in 0.5ml of the same medium supplemented
with 2mM L-glutamine. The viable cell count was determined by treatment with 0.4% trypan
blue dye (Sigma Aldrich) in a Countess™ IT FL Automated cell counter (Invitrogen). Freshly
isolated PBMCs were resuspended in RPMI 1640 supplemented with 2mM L-glutamine, 10%
heat inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin. 200 pl of cell sus-
pension, after adjusting the cell count to 2.5 x 10° were seeded in 96 well flat bottom culture
plate (SPL Life sciences). Cells in each well were stimulated with 2.5uM of each of the single
and the fusion constructs in duplicates. The cells were also cultured without antigens as unsti-
mulated (negative) control and incubated at 37°C for 48 hours in a humidified air containing
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5% CO,. After 48 hours of incubation, the culture supernatants were harvested and analyzed
for the amount of human IFN-y released.

2.5 IFN-vy assay

Amount of IFN-y released in the PBMCs culture was determined using human IFN-y ELISA
kit (#EHIFNG; Invitrogen) according to the protocol recommended by the manufacturer.
Recombinant human IFN-y was used to plot a standard curve. 50 ul each of the biotinylated
antibody reagent and the cell culture supernatant was added to each well of the pre-coated
anti-human IFN-y strips and incubated at 25°C for two hours. After washing thoroughly with
the washing buffer, freshly prepared streptavidin-HRP solution was added to each well and
further incubated at 25°C for 30 minutes. After washing, TMB substrate was added into each
well and incubated at room temperature in dark for 30 minutes and reaction was terminated
by adding stop solution. IFN-y concentration (pg/mL) was determined by interpolating values
from standard curve obtained with absorbance A 50nm Minus Assonm.

2.6 Statistical analysis

The levels of IFN-y release were statistically analyzed for significant differences between TB
patients and the healthy subjects using non-parametric Mann-Whitney U test. All experiments
were performed in duplicates for each sample. Results were presented as mean + SD. The
results were considered statistically significant for P <0.0001. Pearson’s rank correlation coef-
ficient was used to analyze the correlation between IFN-v levels of the fusion antigens and
cocktails of the component antigens. Graphpad Prism (version 8.4.2) (GraphPad Software, San
Diego, California, USA) and IBM SPSS statistics, version 23 (IBM Corp., Armonk, New York,
USA) were used for the data analysis.

3. Results

3.1 Prediction of epitopes and molecular modelling

Th1-cell epitopes of EspC, PPE57 and Rv1352 antigens as predicted using IEDB MHC-II pre-
diction software, showed two epitopes for each of these. The locations of the epitopes as con-
firmed by NetMHCIIpan 4.0 server are shown in Table 2. The already known Th1-cell
epitopes of HspX, TB10.4 and CFP21, which numbered 39, 41, and 1, respectively, were
retrieved from IEDB (http://www.immuneepitope.org). The predicted epitopes showing
>50% binding affinity to HLA-DR molecules were represented as promiscuous peptides using
Propred server (http://www.imtech.res.in/raghava/propred/). The single peptide of EspC:
LRIAAKIYS with 84% and two peptides of PPE57: WVINGLANA and LQWLSKHSS with
73% and 61% binding affinity were further predicted as broadly recognized peptides. 3D struc-
ture and CPORT analyses of the four fusion molecules bifu25, trifu37, trifu44 and tetrafu56
are shown in Fig 2. Positions of the epitopes in the 3D structure (shown in black) and by
CPORT analyses show that these are in a favorable position for interaction with T-cell
receptors.

3.2 Protein expression and purification

After expression, molecular sizes and purification levels of all the recombinant proteins were
analyzed on SDS-PAGE as shown previously [35,36]. Soluble expression of the trifusions pro-
duced by linking HspX to the N-termini of bifu25 and bifu29 fusions, not shown before, is pre-
sented in Fig 3.
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Table 2. Th1-cell epitopes predicted for the Mtb antigens.

Ser no. Antigens Length Amino Acid sequence
1 PPE57 60-97 SDLLADAVERYLQWLSKHSSQLKHAAW VINGLANAYND
115-142 RRRLIASNVAGVNTPAIADLAQYDQYR
2 Rv1352 18-35 GDGVFLVGTDIAPGTYRT
84-99 IPPTVAAFQTHNCKL
3 EspC 19-38 HDNAAVDASSGVEAAAGLGES
54-93 TLNVYLTAHNALGSSLHTAGVDLAKSLRIAAKIYSEADEA

https://doi.org/10.1371/journal.pone.0271126.t002

3.3 IFN- v release

The amount of IFN-y released in the cultures of PBMCs from the healthy and the TB patient
group is represented in the form of box and whisker plots for each test antigen after subtract-
ing the values of the unstimulated controls (Fig 4). The middle line in each box represented
the median value for the IFN-y release in response to the test antigens as mentioned in
Table 3. The fusion antigen tetrafu56 showed the highest median IFN-y release of 418 pg/mL
with significant P value of <0.0001.

The amounts of IFN-y released from PBMCs of active TB patients in response to the fusion
molecules were compared with the amounts released in the presence of a mixture of equivalent

'\ Ve o iy 2
et Sl 5 W

cﬁ.’iulﬂ ."’r;{l\

Fig 2. Structural analyses of the fusion antigens bifu25, trifu37, trifu44 and tetrafu56. T-cell epitopes in the 3D
molecular structures (i-iv) are shown in black. CPORT analysis (a-d) shows the epitope regions as red, green or blue
color, representing active, supporting or non-supporting residues, respectively for cellular interaction.

https://doi.org/10.1371/journal.pone.0271126.g002
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Fig 3. SDS-PAGE showing expression of bifu25 and bifu29 and the other fusion proteins. Lanes M: Protein
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amounts of the constituent antigens. The mean amounts of IFN-y released for the mixtures
EspC+TB10.4, TnCFP21+Rv1352, HspX+TnCFP21+Rv1352, HspX+EspC+TB10.4 and HspX
+EspC+TB10.4+PPE57, were 252.1, 159.2, 270.4, 325.1 and 397.0 pg/mL, respectively. Thus
the releases of IFN-y from PBMCs of TB patients by the fusion molecules were almost the
same as those released from the mixture of the constituent antigens in the free state. The com-
parative values for the amounts of IFN-y released from PBMCs of TB patients are shown in

Fig 5A.
* % % * ¥ *
250 —y 300 —_ 200 —y 250 B —
250
200 o 200
jury =5 - = 150 =
E £ 200 £ E =
3 150 = S ES 150 =
& £ 150 2 100 k-4
T 100 - > Lo Z 100
Z o £ 100 £, = g -
50 - 50
. 50
0 T 1 0 T T 0 T 1 0 T T
B HC 8 HC B HC B HC
EspC TB 10.4 HspX PPE57
- >k >k EREE
200 —_—l0 200 200 300
250
—~ 150 - 150 ~ 150 o 1
— - - ) -
£ £ E L £ 200
g 100 g 100 g 100 - g 150 -
x >
3 I | mm 2 e
%~ 50 = 50 —— = &0 H -
= 50
r—— e —— Lol
0 T T o T T o T T 0 T T
™ HC ™ HC L] HC B HC
CFP21 TnCFP21 Rv1352 Bifu29
ok o koK ok A
400 400 H 400 . 500
= 400 -
E 300 :‘g 300 = '_',E* 300 g
= =) S 5 300 .
£ 200 £ 200 £ 200 * 2
iy . 2 > 2z 200
g g & Z
= 100 = 100 = 100 = oD
0 T T 0 T T 0 T T 0 T T
™ HC 8 HC ™ HC ™ HC
Bifu2s Trifu37 Trifuad Tetrafus6

Fig 4. Box and whisker plots showing IFN-v release against the single and their fusion antigens. * P >0.01, ** P
>0.001, *** P >0.0001 and ****P < 0.0001. The vertical line inside each box represents median values. IFN-y released
by PBMCs from the active TB group are several-fold higher as compared to those from the healthy group (HC).

https://doi.org/10.1371/journal.pone.0271126.9004
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Table 3. Statistical data for the release of IFN-y (pg/mL) by PBMCs from the TB and healthy subjects against the single antigens and their fusion constructs.

Antigens Mean Median 95% CI Mean Median 95% CI Lower-upper P-value
Lower-upper
TB HS

EspC 100.3 80.0 82.7-117.8 21.7 23.8 14.7-28.7 0.0041
TB10.4 121.4 100.0 94.8-148.0 25.7 30.2 18.0-33.5 0.0054
HspX 92.1 83.0 81.6-102.7 22.1 25.2 15.3-28.9 0.0088
PPE57 75.4 60.0 59.1-91.6 20.6 22.7 14.7-26.7 0.0183
CFP21 75.8 63.4 63.2-88.3 18.2 18.5 15.4-21.2 0.0162
TnCFP21 76.0 68.7 63.7-88.2 16.4 16.8 11.9-21.0 0.0099
Rv1352 86.7 77.1 75.3-98.2 13.5 14.6 11.2-15.9 0.0043
Bifu25 (EspC-TB10.4) 252.1 251.0 234.3-269.9 21.0 20.0 15.8-26.8 <0.0001
Bifu29 (TnCFP21-Rv1352) 158.2 153.4 139.4-176.9 20.8 23.3 16.4-25.3 <0.0001
Trifu37 (HspX-EspC-TB10.4) 325.1 328.0 310.2-340.0 24.0 22.5 18.2-29.9 <0.0001
Trifu44 (HspX-TnCFP21-Rv1352) 270.4 267.6 249.7-291.1 25.8 26.4 18.2-33.5 <0.0001
Tetrafu56 (HspX-EspC-TB10.4-PPE57) 397.0 418.0 377.2-416.7 26.0 23.6 20.6-31.1 <0.0001

https://doi.org/10.1371/journal.pone.0271126.t003
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The levels of IFN-y release in response to the fusion antigens and their cocktails were ana-
lyzed by Pearson’s correlation coefficient (r). The correlation coefficient ranges from —1 to +1.
The r value close to +1 shows that most of the data points lie on a line) of identity, which
implies similarity between IFN-y release of fusion molecules and cocktail of the component
antigens. The fusion protein bifu25 and its cocktail EspC+TB10.4 showed Pearson’s r values of
0.9439 and P< 0.0001 whereas bifu29 and TnCFP21+Rv1352 showed r values of 0.9783 and
P<0.0001. Trifu37 and HspX+EspC+TB10.4 showed r values of 0.9884 and P<0.0001 while
trifu44 and HspX+TnCFP21+Rv1352 showed r values of 0.9841 and P<0.0001 (Fig 5B).

The similar levels of IFN-y release against tetrafu56 and corresponding cocktail HspX
+EspC+TB10.4+PPE57 with highest r value of 0.9966 and P<0.0001 showed that T-cell epi-
topes of the contributing proteins in tetrafu56 fusion molecule are mostly available for interac-

tion with T-cell receptors involved in cellular activation.
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Fig 5. IFN-y release (a) and Pearson’s correlation values (b) between IFN-y released against mixtures of the antigens and their fusions.
IFN-y release (pg/mL) from PBMCs of active TB patients against mixtures of the antigens (red) and their fusions (green) in Pearson
correlation graphs (b).

https://doi.org/10.1371/journal.pone.0271126.9005
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3.4 Statistical validation of data

Induction of IFN-y release by PBMCs of the TB patients and the healthy subjects in response
to the antigens and their fusions were compared using Mann-Whitney U test. The results were
considered statistically significant for P <0.0001. The mean, median and 95% confidence
intervals for all the antigens and their fusion are shown in Table 3. The PBMCs from TB
patients showed a higher IFN-y release than that from the cells of the healthy individuals. TB
patients showed the mean IFN-y release of 100.3, 92.1, 121.4, 75.4, 75.8, 76.0 and 86.7 pg/mL
in response to the single antigens EspC, HspX, TB10.4, PPE57, CFP21, TnCFP21 and Rv1352,
respectively. After stimulation with the fusion antigens bifu25, bifu29, trifu37, trifu44 and tet-
rafu56, TB patients showed the higher mean IFN-y release as given in Table 3.

4. Discussion

Protective immunity against intracellular microbes like Mtb, is based on the generation of
CD4" Thl-type CMI responses involving the release of different cytokines such as IFN-y,
TNF-o and IL-12 [2]. Activation of CD4" T-cells to induce antigen specific CMI responses
depends on the recognition of T cell receptors to immunogenic T cell epitopes as complexes
with MHC class II molecules [43]. Thus, assessment of the release of cytokines like IFN-y by
T-cells after antigen stimulation is one strategy to validate the antigens as possible vaccine can-
didates. The genes encoding the MHC class II are highly polymorphic. In humans, the MHC
class II locus encodes for HLA-DR, HLA-DQ and HLA-DP protein molecules to stimulate the
CD4" T- cell immune responses [44].

In this study, prediction of Th1-cell epitopes of Rv1352, EspC and PPE57 antigens based on
their binding affinity to MHC class II molecules was determined for the first time. All peptides
were predicted for their binding affinity to HLA-DR, DP and DQ supertypes. The half maxi-
mal inhibitory concentration (ICs,) represents the binding affinity of antigenic peptides. The
strongly binding peptides showing IC5, <50nM values were selected as potential epitopes for
T-cell recognition for subsequent stimulation of the CMI system. Two epitopes from each of
the antigens EspC, PPE57 and Rv1352 were recognized as potential T-cell binders. The loca-
tion of the Th1 cell binding regions for EspC were 19-38 and 54-93 amino acid residues. The
two binding regions predicted for PPE57 consisted of the residues 60-97 and 115-142, while
for Rv1352 these were 18-35 and 84-99. Propred analysis was performed for locating the pro-
miscuous peptides showing a binding probability of >50% of the 51 HLA-DR alleles. Based on
this criteria, one peptide in EspC (residues 80-88) and two in PPE57 (residues 72-79 and 86—
94) were predicted as HLA-promiscuous peptides.

Due to variable protection and low efficacy conferred by BCG against adult pulmonary TB,
a multistage fusion vaccine consisting of multiple antigens from replicating and dormant
stages of Mtb can induce strong immune responses and ensure effective protection against TB
in genetically heterogenous human populations. Recombinant fusion protein-based vaccines
are likely to show more safety, specificity and easy production in comparison to live attenuated
vaccines. In the present study, we constructed five fusion proteins bifu25, bifu29, trifu37z,
trifu44 and tetrafu56 on the basis of six immunogenic single antigens from different growth
phases of Mtb, such as EspC, HspX, TB10.4, PPE57, CFP21 and Rv1352 and analyzed their
potential to induce T-cell responses for designing multistage fusion vaccines. The antigens
were selected on the basis of known information regarding the presence of T-cell epitopes,
bacterial growth stage and overall size of the resultant fusion construct, as size of the molecule
to be expressed within a limit is important for expression in E. coli. EspC, TB10.4, PPE57,
CFP21 and Rv1352 are expressed in replicating growth phase of Mtb while HspX is a dor-
mancy-related protein expressed from non-replicating mycobacteria. All the six recombinant
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single antigens and their fusion molecules were expressed in E. coli BL21-CodonPlus (DE3)-
RIPL with different expression levels. HspX is a small heat shock protein and acts as a molecu-
lar chaperone. Linking this antigen to the N-termini of bifu25 and bifu29 resulted in their solu-
ble expression. We have reported the role of HspX as a solubilizing ligand in previous studies
[45]. The purified antigenic molecules were not tested for the endotoxin content before the
immunological study. However, the purified antigens shall be treated, if required, to ensure
endotoxin level within the acceptable limit, before undertaking trials in the animal model, as
we did in another recent study [46].

The release of IFN-y from PBMC:s of the healthy subjects (n = 10) and active pulmonary TB
patients (n = 21) in response to the single and the fusion antigens was evaluated using each
antigen at a concentration of 2.5 uM/well to ensure uniformity in molecular concentration. In
general, the level of IFN-y released from PBMCs of TB patients in response to the fusion mole-
cules were not less than the total of IFN-y released separately from each of the constituent anti-
gens. Thus release of 252 pg/mL in the case of bifu25 as compared to the combined value of
221pg/mL for its constituent antigens. Similarly, IFN-y release of 325 and 397 pg/mL for
trifu37 and tetrafu56, respectively, edged over the total of 313 and 388 pg/mL obtained for
their constituent antigens separately. Thus the T-cell epitopes of the component antigens in
the fusion molecules were not only optimally available to the receptors for activation of T cells,
but in the fusion form component antigen epitopes seem to exert a slight synergistic effect in
stimulating the T-cells. 3D structural and CPORT analyses also revealed that multiple Th1-cell
epitopes of the component antigens in trifu37 and tetrafu56 fusion molecules were arranged in
a favorable orientation to interact with T-cell receptors. In the case of trifu44 the epitopes were
predominantly predicted non-supporting for the interaction, but any portion of these reported
to be active or supporting were enough to elicit a good response. However, PBMCs from
healthy subjects in response to the individual as well as the various fusion constructs affected
releases of much lower levels of IFN-y. Release of IFN-y from healthy PBMCs was only 26 pg/
mL in response to tetrafu56, as compared to 397 pg/mL in the case of TB patients. Thus a pre-
vious exposure of PBMCs to Mtb antigens in plasma samples of TB patients resulted in 15-fold
increase in response to tetrafu56 fusion antigen as compared to that in case of PBMCs in
healthy individuals.

The similar levels of interferon gamma release in response to the fusion antigens and their
cocktails were analyzed by Pearson’s correlation (Fig 5B). All the five fusion proteins and the
cocktails of component antigens showed Pearson r values close to 1 ensuring the similar levels
of IFN-y release. Tetrafu56 and its cocktail HspX+EspC+TB10.4+PPE57 showed the highest r
value of 0.9966 and P value of <0.0001 (Fig 5B). T-cell mediated immune response from
human PBMCs against Mtb single and the fusion proteins showed variable tendency of IFN-y
secretion. The differences in CMI responses among the fusion proteins might reflect that some
antigens contain more immunodominant epitopes that could induce higher immune
responses. A high level of IFN-y release induced by tetrafu56 fusion protein containing multi-
ple antigens from both the replicating and the dormant stages of Mtb, showed its potential as a
promising construct for developing a multistage subunit vaccine. These findings can be sub-
stantiated further through evaluation of the cytokines other than IFN-y such as TNF-o and IL-
2.

Several vaccine candidates are in different stages of clinical trials in different regions around
the globe. However, still the ultimate goals of a wide acceptability for application in the light of
the infection stage and the population specific responses is still to be achieved. Not only the
issue of acceptable level of efficacy, characterization of the vaccine as a prophylactic or immu-
notherapeutic application need to be clearly defined.
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In our study, after evaluation of the fusion molecules for the release of IFNy from PBMCs,
the next steps to be undertaken are their validation through flow cytometry and in-vivo studies
in animal models [46]. The fusion molecules showing promising immunogenic results on the
basis of responses in PBMCs shall be validated through in-vivo studies.

Conclusion

In this study Th1-cell epitopes for EspC, Rv1352 and PPE57 antigens were predicted for the
first time. The molecule tetrafu56, which was constructed by fusing four different Mtb antigens
belonging to the replicating as well as the dormant stages, generated similar level of T-cell
response in releasing IFN-y from PBMCs as compared to the total of the responses from the
constituent antigens obtained separately. The fusion tetrafu56 induced 15-fold higher IFN-y
release from PBMCs of TB patients than the healthy subjects. This fusion construct seems to
be a promising molecule for developing a multistage subunit vaccine.
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