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Abstract The Mycobacterium tuberculosis (M. tubercu-
losis)-speciWc culture Wltrate protein-10 (CFP-10) is highly
recognized by M. tuberculosis infected subjects. In the
present study, the proliferative response and IFN-� secre-
tion was found for C-terminal peptides of the protein
(Cfp651–70, Cfp761–80, Cfp871–90, and Cfp981–100). The alle-
les HLA DRB1 *04 and HLA DRB1 *10 recognized the
C-terminal peptides Cfp7, Cfp8, and Cfp9 in HHC. Cfp6
was predominantly recognized by the alleles HLA DRB1
*03 and HLA DRB1 *15 by PTB. The minimal nonameric
epitopes from the C-terminal region were CFP-1056–64 and
CFP-1076–84. These two peptides deserve attention for
inclusion in a vaccine against tuberculosis in this region.
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Introduction

The scourge of diseases has aZicted the world since time
immemorial. Tuberculosis (TB) remains one among such
diseases, which has caused widespread morbidity and mor-
tality worldwide [1]. It proves to be a dangerous liaison in the
context of opportunistic infection in human immunodeW-
ciency virus (HIV) infected individuals. The disease
becomes an even more challenging one when it becomes
resistant to TB drugs—multidrug resistant tuberculosis
(MDR) and extremely drug resistant tuberculosis (XDR) [2].

Two secreted proteins of Mycobacterium tuberculosis
(M. tuberculosis) which are of much interest because of
their role in protection are region of deletion-1 (RD-1)
locus encoded early secreted antigenic target-6 (ESAT-6)
and culture Wltrate protein-10 (CFP-10). CFP-10 is a low
molecular weight culture Wltrate protein, which is cotran-
scribed along with ESAT-6 gene, its heterodimeric counter-
part. RD-1 region is present in pathogenic M. tuberculosis
genome and in Mycobacterium bovis, but absent in non-
pathogenic Bacille Calmette Guerin (BCG) strains [3–7].
SpeciWc immunity against these proteins is known to
enhance host resistance against M. tuberculosis infection
[8]. For successful containment of tuberculosis infection, a
strong Th1 response is required [9]. Both ESAT-6 and
CFP-10 are known to stimulate T cells to produce inter-
feron gamma (IFN-�), a Th1 cytokine, and exhibit cytolytic
T lymphocyte (CTL) activity in animals and in humans,
making them excellent candidates for including in a tuber-
culosis vaccine [10–13].

In this study, we have identiWed peptides of CFP-10,
which induce IFN-� production and CD4, CD8 T cell pro-
liferation. Of nine peptides, the C-terminal Cfp7 (Cfp-10
peptide 7), Cfp8, and Cfp9 peptides induced IFN-� production
and proliferation of CD4 and CD8 cells in HHC.
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Materials and methods

Study participants

This study was approved by the Institutional Ethics Com-
mittee. Informed consent was obtained from the subjects
before drawing blood.

Healthy household contacts of TB patients (n = 23)

Healthy household contacts (HHC) were recruited from
families where there was at least one sputum positive
PTB (index case) living in the same household, sharing
the kitchen and bathroom, for at least 3 months immedi-
ately preceding the start of treatment of the index case,
who were sure to be infected [14], whose age ranged
from 27 to 54 years. The male/female ratio was 13:10.
During recruitment, the subjects were clinically evalu-
ated for symptoms of tuberculosis and chest radiographs
were taken. None of the HHC presented with clinical
symptoms or lesions in chest X-rays excluding the possi-
bility of TB disease. Sputum smears and cultures
were also negative in this group. Quantiferon-TB gold
(in-tube) test was done to conWrm the M. tuberculosis
infection in the subjects. The subjects were followed for
a period of 6 months and none broke down with tubercu-
losis disease.

Tuberculosis patients (n = 34)

Pulmonary tuberculosis patients before treatment (n = 21)

All pulmonary tuberculosis patients before treatment (PTB)
were positive for sputum smears and culture. The subjects
of this group were naïve for anti-tuberculous treatment.
Their age ranged from 28 to 52 years and the male/female
ratio was 17:4. Examination of smear and culture was done
according to the methods already established in our centre
[15]. Two spot and 1 overnight sputum specimens were
collected from each patient. For smears, acid-fast bacilli
(AFB) staining was done and they were examined under
Xuorescence microscope. For culture, sputum was concen-
trated and inoculated onto Lowenstein–Jensen (LJ) media
and incubated for up to 8 weeks at 37°C and checked for
positivity.

Treated tuberculosis patients (n = 13)

The subjects in this category had completed 6 months
course of anti-tuberculous therapy (ATT), and there
was no evidence for recent infection. The age range was

26–50 years, and the male/female ratio was 10:3. Chest
X-ray and sputum smears were done to exclude active
TB in this group. The treated tuberculosis patients (TR)
were recruited after a period range of 7–36 months of
start of their treatment. The drug regimen followed for
these patients was 2EHRZ3/4RH3.

The patients and contacts recruited for the study were
seronegative for HIV by two enzyme immunoassays—
Tridot (J. Mitra & Co., New Delhi, India) and Retroquic
(Qualprodiagnostics, Goa, India) in serum.

PPD (puriWed protein derivative) skin testing was not
done in our study subjects, as it is neither sensitive nor
speciWc. It has been observed that >70% of women and
>80% of men turn positive for PPD by 25 years, due to
exposure to M. tuberculosis as well as other environ-
mental mycobacteria. Thus, PPD positivity in our popu-
lation can mean infection not only with M. tuberculosis
but also with other environmental mycobacteria. The
more sensitive Quantiferon test uses antigens unique for
M. tuberculosis; the test identiWes infected subjects and
BCG vaccination or exposure to environmental myco-
bacteria does not aVect the test results. This test was
done after subject recruitment and was not used for pres-
electing positive subjects. All the HHC recruited for the
study were positive for Quantiferon-TB Gold test
(¸0.35 IU/ml).

Quantiferon-TB Gold In-tube assay

Infection status of tuberculosis was assessed by an ELISA
based Quantiferon-TB Gold kit (Cellestis Inc., Victoria,
Australia) as per the manufacturer’s instructions. Blood
was collected in tubes labeled nil control, mitogen, and TB
antigen (ESAT-6 and CFP-10 overlapping peptides and a
TB 10.4 peptide). The tubes were then incubated at 37°C
for 16–24 h, and then plasma was collected from the tubes.
The cut-oV point was set as 0.35 IU/ml as per the manufac-
turer’s instructions.

Recombinant proteins and synthetic peptides

Recombinant protein CFP-10 was prepared in the labora-
tory of Dr. Pawan Sharma, New Delhi. The protein was
prepared as already described [16]. CFP-10 peptides (a
kind gift from Dr. Thomas B Nutman, NIAID, NIH,
USA) covered the entire primary structure of the protein
(20-mers with 10-amino acid overlap). Protein estima-
tion was done for the peptides using BCA protein assay
kit (Pierce Biotechnology, Rockford, IL, USA). Lyophi-
lized peptides were reconstituted in dimethyl sulfoxide,
aliquoted, and stored at ¡80°C until use.
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The peptide sequences used in the present study were as
follows:

The bold sequence represents the overlapping sequence with the next
peptide

The peptides used in in vitro studies were not identiWed
previously by in silico analysis. All the overlapping pep-
tides covering the entire sequence of the CFP-10 protein
were tested in the in vitro experiments and peptides were
not pooled for the experiments.

Concentrations of peptides

The overlapping peptides of CFP-10 were used at diVerent
concentrations. A standardization experiment with a range
of concentrations (1, 2, 5, and 10 �g/ml) of peptides was
done and based on lymphocyte proliferation and IFN-�
secretion (from culture supernatants); the concentration
which gave the maximal response was Wxed and used.

IFN � ELISA

Five-day culture supernatants from BrdU culture periph-
eral blood mononuclear cells (PBMCs) were assayed for
the presence of IFN � by ELISA as per the manufac-
turer’s instructions (BD Biosciences, San Diego, CA).
The detection limit of the assay ranged from 4.7 to
300 pg/ml. The lowest detection limit of the kit was
1 pg/ml.

Intracellular cytokine staining

Whole blood was diluted in the ratio of 1:2 with Roswell
Park Memorial Institute medium (RPMI; Sigma–Aldrich
corporation, St. Louis, MO, USA) to which costimulatory
molecules (CD49d and CD28 1 �g/ml each/ml of culture),
overlapping peptides and recombinant proteins of CFP-10
were added at optimal concentrations and incubated in
48-well plates for 18 h in the presence of brefeldin A (BD
Biosciences, San Diego, CA, USA) during the last 16 h
(Costar, Corning Inc., NY, USA) at 37°C in 5% CO2 atmo-
sphere. After stimulation, cells were washed and labeled
with Xuorochrome-conjugated speciWc antibodies anti-CD4

APC, CD8 PE-Cy5, IFN-� PE, and CD4 APC, CD8 PE-Cy5,
IL-4 PE in separate tubes (BD Biosciences, San Diego, CA,
USA). Fixing and permeabilising of cells were done using
CytoWx/Cytoperm buVer (BD Biosciences, San Diego, CA,
USA), washed with Perm/wash buVer (BD Biosciences,
San Diego, CA, USA), and then stained for cytokines. After
washing, cells were Wxed using 4% paraformaldehyde and
analyzed using a FACSCalibur Flow cytometer (BD
Biosciences, San Diego, CA, USA). Percentage of
cytokine secreting CD4 and CD8 cells were analyzed
using FlowJo software (Tree Star Inc., San Carlos, CA,
version 7.1.1).

BrdU (bromodeoxyuridine) incorporation assay

PBMCs were separated from venous blood using Hist-
opaque (Sigma–Aldrich Corporation, St. Louis, MO, USA).
To the separated cells [1 £ 106/ml in RPMI + 10% heat
inactivated human AB serum (Sigma–Aldrich corporation,
St. Louis, MO, USA)], CFP-10 peptides, recombinant CFP-
10 protein, and M. tuberculosis culture Wltrate antigen were
added. The plate (Costar, Corning Inc., NY, USA) was
incubated at 37°C in a 5% CO2 atmosphere for 5 days.
BrdU incorporation assay was carried out using a BrdU
Xow kit (BD Biosciences, San Diego, CA) as per the manu-
facturer’s instructions.

BrieXy, BrdU (50 �M/ml) (BD Biosciences, San Diego,
CA, USA) was added 16 h prior to termination of the
experiment. Cells were removed from the plate using 2 mM
EDTA, surface labels (CD4 APC, CD8 PE-Cy5; BD Bio-
sciences, San Diego, CA, USA) were added and incubated
for 30 min. The cells were then permeabilized using
CytoWx/Cytoperm buVer (BD Biosciences, San Diego, CA,
USA) for 30 min. Repermeabilization was carried out by
incubation with cytoperm plus buVer for 15 min. To expose
the incorporated BrdU, the cells were treated with 100 �g
of DNAse/0.5 £ 106 PBMCs per tube (BD Biosciences,
San Diego, CA, USA) and incubated at 37°C for an hour.
This was followed by addition of anti-BrdU FITC antibody
(BD Biosciences, San Diego, CA, USA) and incubation for
30 min. Finally, the cells were Wxed in 4% paraformalde-
hyde and then analyzed on a FACSCalibur Flow cytometer
(BD Biosciences, San Diego, CA, USA). Data were col-
lected and analyzed using FlowJo software (Tree Star Inc.,
San Carlos, CA, version 7.1.1).

MHC typing

DNA extraction was done from polymorphonuclear
cells, as well as from PBMCs by a salting out method as
described elsewhere [17]. Typing of DRB was done by
PCR with Sequence-speciWc primers (SSP). Low resolu-
tion PCR-SSP was performed for DRB1 alleles [18].

CFP-10 (1–20) Cfp1 MAEMKTDAATLAQEAGNFER

CFP-10 (11–30) Cfp2 LAQEAGNFERISGDLKTQID

CFP-10 (21–40) Cfp3 ISGDLKTQIDQVESTAGSLQ

CFP-10 (31–50) Cfp4 QVESTAGSLQGQWRGAAGTA

CFP-10 (41–60) Cfp5 GQWRGAAGTAAQAAVVRFQE

CFP-10 (51–70) Cfp6 AQAAVVRFQEAANKQKQELD

CFP-10 (61–80) Cfp7 AANKQKQELDEISTNIRQAG

CFP-10 (71–90) Cfp8 EISTNIRQAGVQYSRADEEQ

CFP-10 (81–100) Cfp9 VQYSRADEEQQQALSSQMGF
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In silico prediction of potential binding regions in CFP-10

MHC binding peptides (15-mers) were predicted from
CFP-10 using MHC-II binding prediction server [19] avail-
able at http://tools.immuneepitope.org/main/jsp/menu.jsp.
For prediction, consensus method was chosen since the
method has been reported to be better than other methods
[19]. The potential nonameric epitopes were predicted
using ProPred available at http://www.imtech.res.in/ragh-
ava/propred/ [20]. Default threshold was set at which the
sensitivity and speciWcity were found to be similar. HLA
were typed in our study only by low resolution (two digits)
while in the bioinformatics server we used, higher resolu-
tion for HLA were available. In both the methods, HLA
were restricted by HLA subtypes observed in our study
population. In vivo, the protein sequence can be processed
and cleaved in any position to form the epitopes. Therefore,
to predict the possible HLA binders present in the whole
sequence, the full-length sequence of the CFP-10 was used.
Therefore, nonamers predicted to be present in the overlap-
ping sequence have been represented in two consequent
20-mers in the in silico analysis (Table 6).

Statistical analysis

GraphPad Prism (Graph PAD Software 4.0, San Diego,
USA) was used for result analysis. The diVerences between
IFN-� secretion (ELISA) and intracellular IFN-� levels
among three groups and proliferation among the groups
were assessed by one-way analysis of variance (ANOVA)
with Bonferroni’s correction for comparing multiple col-
umns. For calculating percent responders among various
groups, mean + 3SD of unstimulated culture of subjects in
all groups was taken which was »100 pg/ml. This was con-
sidered the common cut-oV for all the groups. Those values
which were above this cut-oV point were considered as pos-
itive [21, 22]. Overall IFN-� response among various
groups was calculated by subtracting the unstimulated
mean values from stimulated culture mean values. For
BrdU incorporation assays, the cut-oV was set by consider-
ing mean + 3SD of unstimulated culture of each group. The
values above this cut-oV were considered positive. Intracel-
lular IFN-� and IL-4 response in PTB and HHC groups was
analyzed by Student’s t-test.

Results

Recognition of CFP-10 peptides

The response to CFP-10 peptides was measured by an IFN-�
ELISA. To calculate positivity, mean + 3SD of unstimulated
culture value for all subjects of a group was considered. This

was »100 pg/ml for all the groups. So, this was used as the
common cut-oV for all the groups. The values above this
cut-oV point were deemed positive [21, 22].

For M. tuberculosis culture Wltrate antigen (CFA), respond-
ers were 17/21 (71%) among PTB group. CFP-10 protein
response of PTB was 48% (13/21). Individual peptide
responses were as follows: Out of 13 CFP-10 responders, 5
responded to Cfp6 giving 39% response. For Cfp5, Cfp7, and
Cfp8, 23% (3/13) response was observed. Other peptide
responders were 15% (2/13) for rest of the peptides (Table 1).

Among HHC, the CFA responders were 91% (21/23).
CFP-10 responders among HHC were 65% (15/23). Individ-
ual peptides gave the following results: for Cfp6 and Cfp8
peptides 53% of HHC reacted (8/15). The peptide Cfp7 and
Cfp9 gave 47% (7/15) response. The Cfp2 and Cfp3
peptides were recognized by 40% (6/15) of HHC. It was
observed that responders to Cfp1 and Cfp5 were 33%
(5/15). The responders for Cfp 4 were 27% (4/15) (Table 1).

A 100% (13/13) response was found for CFA among
TR. Eighty-Wve percent of TR reacted to CFP-10 protein
(11/13). Of 11 CFP-10 positive subjects, 7 TR were posi-
tive for Cfp6 accounting for 64% responders. The respond-
ers for peptides Cfp1 and Cfp8 were 55% (6/11). A
response of 46% (5/11) was observed for peptides Cfp2 and
Cfp5. For rest of the peptides, the responses were 36%
(4/11) (Cfp3, Cfp4, Cfp7, and Cfp9; Table 1).

The peptides Cfp6, Cfp7, Cfp8, and Cfp5 were the pep-
tides predominantly recognized by PTB. The HHC recog-
nized the peptides Cfp6, Cfp8, Cfp7, Cfp9 and Cfp2, Cfp3.
TR reacted to the peptides Cfp6, Cfp1, Cfp8, Cfp2, and Cfp5.

The levels of IFN-� were studied in various groups. Cfp7
induced highest mean IFN-� response (4,292 pg/ml) in

Table 1 Percentage responders in each group to CFP-10 peptides and
other stimulants

Resp (%) represents number of responders and the percentage in paren-
thesis

PTB pulmonary tuberculosis patients, HHC healthy household
contacts, TR treated tuberculosis patients, CFP-10 culture Wltrate
protein-10, CFA culture Wltrate antigen

Stimulants PTB resp (%) HHC resp (%) TR resp (%)

Cfp1 2/13 (15) 5/15 (33) 6/11 (55)

Cfp2 2/13 (15) 6/15 (40) 5/11 (46)

Cfp3 2/13 (15) 6/15 (40) 4/11 (36)

Cfp4 2/13 (15) 4/15 (27) 4/11 (36)

Cfp5 3/13 (23) 5/15 (33) 5/11 (46)

Cfp6 5/13 (39) 8/15 (53) 7/11 (64)

Cfp7 3/13 (23) 7/15 (47) 4/11 (36)

Cfp8 3/13 (23) 8/15 (53) 6/11 (55)

Cfp9 2/13 (15) 7/15 (47) 4/11 (36)

CFP-10 13/21 (48) 15/23 (65) 11/13 (85)

CFA 17/21 (71) 21/23 (91) 13/13 (100)
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HHC. The peptides Cfp8, Cfp9, Cfp6 induced 3,910, 2,672,
2,617 pg/ml of IFN-� by T cells, respectively.

The peptide Cfp6 induced highest level of IFN-�
(279 pg/ml) in PTB. For Cfp8, the IFN-� induced was
216 pg/ml. In case of TR, an increased response was
observed for peptide Cfp8 (335 pg/ml). Other peptides for
which high response was observed were Cfp3 (279 pg/ml),
Cfp6 (278 pg/ml), Cfp7 (260 pg/ml), Cfp5 (247 pg/ml), and
Cfp1 (221 pg/ml).

It was observed that Cfp6, Cfp7, Cfp8, and Cfp9 were
the peptides for which predominantly higher IFN-� was
produced by T lymphocytes in HHC when compared to
PTB. In comparison with PTB, the TR group responded to
Cfp8 (Fig. 1). The diVerences in IFN-� levels between the
groups were not statistically signiWcant.

Proliferative responses to overlapping peptides of CFP-10

Representative Xow cytometry plots for proliferative
response to a peptide (Cfp8) are given in Fig. 2a, b, c, d.
The proliferative response to overlapping CFP-10 peptides
was studied by a Xow cytometry based BrdU incorporation
assay. The responses were studied in HHC, PTB, and TR in
both CD4 as well as CD8 cells. The response of each indi-
vidual to a CFP-10 peptide was studied by taking
mean + 3SD of unstimulated culture. Those values which
were above this cut-oV point were considered positive. Of
23 HHC, 19 responded to CFP-10 protein (83%) for CD4+
T cells. It was observed that among HHC, the peptides for
which response was observed were Cfp9 (11/23–48%),
Cfp7 (10/23–44%), Cfp6 (10/23–44%), Cfp8 (9/23–39%;
Table 2), for rest of the peptides the response was less

(8–30%). In PTB group, the response was obtained for
peptides Cfp6 (48%), Cfp5 (8/21–38%) and Cfp4 (38%).
The remaining peptide response ranged from 5 to 29%. The
response in TR for CFP-10 protein was 100%. The
responding peptides in TR group were Cfp5 (92%), Cfp7
(85%), Cfp3 (77%), Cfp8 (62%), Cfp2 (62%), Cfp1 (62%).
The response range for rest of the peptides was 23–40%
(data not shown).

The peptides for which an increased percentage of pro-
liferating CD4+ cells were found: Cfp7, Cfp9, Cfp6, and
Cfp8 in HHC; Cfp4, Cfp5, and Cfp6 in PTB; and Cfp5,
Cfp3, Cfp7, Cfp8, Cfp2, and Cfp1 in TR.

The proliferative responses in three groups for CD8 cells
gave the following results: The increased percentage of
CD8 cells positive for BrdU was observed for peptides
Cfp6 (48%), Cfp8 (44%), Cfp1, Cfp5 and Cfp7 (39%),
Cfp3 (30%) in HHC group in comparison with other pep-
tides (Table 3). The peptides Cfp8 (38%), Cfp5, Cfp6, and
Cfp9 (24%) responded in PTB group for which increased
number of proliferating CD8 cells were observed. In TR
group, the responding peptides were Cfp5 (85%), Cfp7 and
Cfp9 (69%), Cfp6 and Cfp8 (62%; data not shown).

The peptides Cfp6, Cfp8, Cfp1, Cfp3, Cfp5, and Cfp7
were the ones to which CD8+ cell proliferation was observed
in HHC. In PTB, Cfp8, Cfp5, Cfp6, and Cfp9 were the pep-
tides for which response was observed, and the response was
found for peptides Cfp5, Cfp7, Cfp9, Cfp6, and Cfp8 in TR.

Th1 and Th2 responses to peptides (IFN-� and IL-4)

Since Th2 immunity also plays a role in mycobacterial
immunity, the signature cytokine of Th2 cells (IL-4) was also
studied. The ratio of IFN-� to IL-4 was studied by intracellu-
lar cytokine staining of CD4 cells. For CD4 cells, the ratio
ranged from 1.3 to 1.9 for the peptides Cfp6, Cfp7, Cfp8, and
Cfp9 in HHC when compared to other peptides for which it
was low (0.6–1.2). In the case of PTB, the ratio ranged from
0.4 to 1.5 for all the peptides. Peptide Cfp1 (1.1) and Cfp5
(1.5) showed an elevated ratio when compared to other pep-
tides. Although there was an increased response among HHC
when compared to PTB, the diVerence was not statistically
signiWcant (Table 4). The mean IFN-� and IL-4 for both
HHC and PTB studied within CD4+ populations have also
been represented in Table 4. When IFN-�/IL-4 ratio was
studied for CD8 cells, no diVerences in ratio between
peptides were observed (data not shown).

MHC class II allele (HLA-DRB1) typing

HLA DRB1 gene typing gave the following results:
High IFN-� response was observed for the peptide Cfp7
(aa61–80), which was recognized by the alleles HLA
DRB1 *04 and *10 among HHC. Other peptides for which

Fig. 1 IFN-� response to overlapping peptides of CFP-10. The IFN-�
levels in each group were assessed for all CFP-10 overlapping peptides
by considering mean values (pg/ml) for all the groups. For all the
groups, the unstimulated mean values were subtracted from stimulated
mean values. The diVerence between groups was studied by one-way
ANOVA with Bonferroni’s posttest. P pulmonary tuberculosis
patients, C healthy household contacts, T treated TB patients, CFP-10
culture Wltrate protein-10
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these alleles gave an elevated response were Cfp8 (aa71–
90) and Cfp9 (aa81–100). The potential minimal epitopic
regions may be lying within these highly responding C-ter-
minal peptides. The region Cfp6 (aa51–70) was recognized
(30,364.06 pg/ml) by the allele HLA DRB1 *14 by an
HHC (Table 5). Other alleles for which a positive IFN-�
response was not observed for CFP-10 protein, and its pep-
tides were HLA DRB1 *07, *11, *12, *03.

The allele HLA DRB1 *03 and DRB1 *15 of PTB rec-
ognized the region Cfp6 (Table 5). For other alleles of PTB
subjects (HLA DRB1 *07, *13, *14), no positive response
was observed for CFP-10 and its peptides.

Among TR, the peptides Cfp3 (aa21–40) and Cfp5
(aa41–60) were the ones to be recognized by HLA DRB1
*14, *10, *04, *12 alleles. Although response was
observed for other peptides, Cfp6 (HLA DRB1 *14, HLA
DRB1 *15), Cfp7 (HLA DRB1 *10, HLA DRB1 *04),
Cfp8 (HLA DRB1 *14, HLA DRB1 *10, HLA DRB1
*12), and Cfp9 (HLA DRB1 *10, HLA DRB1 *04), few
of the four above-mentioned alleles were recognized.
HLA DRB1 alleles of subjects for whom a positive IFN-�
response was not observed was HLA DRB1 *11 for
CFP-10 protein.

In silico analysis of CFP-10

Thirteen 15-mers were predicted to be starting in three
regions of CFP-10 sequence as follows: (a) at amino acid
position 1, (b) between 37 and 39, at 42 and 43 and (c) at 67
and between 70 and 75. The IEDB server calculates the
aYnity to all possible 15-mers for the given protein
sequence. Lower the Consensus Percentile Rank, better the
aYnity of the peptide with the MHC. Only the topmost
ranked 15-mers alone were shown in the results which were
potential HLA binders. On this basis, thirteen 15-mers were
predicted to be potential HLA binders with nine diVerent
HLA subtypes (HLA_DRB1-0301, HLA_DRB1-0401, HLA_
DRB1-0404, HLA_DRB1-0405, HLA_DRB1-0701, HLA_
DRB1-0802, HLA_DRB1-1101, HLA_DRB1-1302, and
HLA_DRB1-1501), which were also observed in the study
population (Table 6).

Eight nonamers were found to be predicted as potential
epitopes recognized by HLA-DRB1 subtypes. Among
them, epitopes CFP-1056–64 and CFP-1076–84 were predicted
as potential promiscuous epitopes as the former was pre-
dicted as potential binder with 32 diVerent HLA-DRB1
alleles while the latter was predicted to be recognized by 41

Fig. 2 CD4 (a, b) and CD8 
(c, d) cell proliferation response 
in HHC by BrdU incorporation 
assay. a Unstimulated culture—
CD4. b Peptide Cfp8—CD4. 
c Unstimulated culture—CD8. 
d Peptide Cfp8—CD8. For Xow 
cytometric analysis of proliferat-
ing cell population, lymphocyte 
population was gated in forward 
scatter/side scatter plot and 
within the gate; BrdU-positive 
CD4 and CD8 cells were 
calculated; HHC healthy 
household contacts
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alleles. Remaining epitopes were predicted to be binders to
HLA ranging from one to eight diVerent HLA-DRB1 sub-
types (Table 6).

Discussion

It has been reported that CFP-10 protein is recognized by T
cells from active tuberculosis patients and latently infected
subjects [13, 23, 24].

Till date, there are no good immunological parameters
that correlate with protective immunity against TB in
humans. Experimental evidence shows the dependence of
antigen-speciWc T lymphocytes and their ability to stimu-
late antimycobacterial activity of macrophages by release
of IFN-�. The role of IFN-� in TB control has been demon-
strated in IFN-� gene-disrupted mice [25], and the mutation
of this gene in humans leads to increased susceptibility to
tuberculosis [26]. The ability to stimulate T cell release of
IFN-� is a criterion for identifying protective antigens in
tuberculosis. Various studies have provided evidence that
antigens recognized by “protected group”, but not active
TB patients, can be considered for vaccine development

strategies using IFN-� as a protective correlate. This
approach is an eYcient one for protective antigens identiW-
cation [27–29]. So, we have used IFN-� as a correlate for
protection in screening the CFP-10 peptide responses.

Our results from this study suggest that 20-mer peptides
of the C-terminal region of CFP-10 protein are immuno-
genic eliciting IFN-� production from HHC. The peptides
recognized by HHC in the present study were Cfp651–70

(53%), Cfp761–80 (47%), Cfp871–90 (53%), and Cfp981–100

(47%). Previous studies on CFP-10 peptides in Indian and
Zambian population have shown that the carboxy terminal
region is immunogenic and the peptide Cfp871–90 elicits
responses by 30–50% of healthy asymptomatic subjects
[13, 23]. In concordance with this result, we have found
about 53% of HHC recognizing this peptide in our present
study. This peptide produced 3,910 pg/ml of IFN-� (mean
value) and ranked next to Cfp7.

A study in Indian population by Lalvani et al. [13] on
CFP-10 overlapping peptides (15-mers overlapping by 10
amino acids) has identiWed two immunodominant regions
CFP51–70 and CFP71–90. These regions have been shown to
be recognized by healthy subjects. Our study shows Cfp7
(61–80) and Cfp8 (71–90) peptides to produce highest IFN-�

Table 2 Proliferation response 
to CFP-10: CD4 cells—HHC

HHC Stimulants

Cfp1 Cfp2 Cfp3 Cfp4 Cfp5 Cfp6 Cfp7 Cfp8 Cfp9 CFP-10

1

2

3 + + + + +

4 + + + + + +

5 + + +

6 + +

7 + + + + +

8 + + + + +

9 + + + + +

10 + + + +

11 + + + +

12 + + + + + +

13 + +

14 + + +

15 + + + +

16 + + +

17 + + + + +

18

19 + + +

20

21 + + +

22 + + + + + + +

23 + + + + +

Total responders 7 2 5 2 5 10 10 9 11 19

To calculate the positivity for 
BrdU incorporation, 
mean + 3SD of unstimulated 
culture was considered for each 
subject. Those peptide values 
above this cut-oV were consid-
ered positive

HHC household contacts, 
CFP-10 culture Wltrate 
protein-10
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response in HHC. The response observed in our study is a
5-day response, in contrast to 14-h response observed in
Lalvani et al. [13] study.

In a study by Shams et al. [30], in American population,
a 15-mer peptide, CFP-1071–85 has been identiWed, which
has been shown to elicit IFN-� production by ELISPOT

Table 3 Proliferation response 
to CFP-10: CD8 cells—HHC

HHC Stimulants

Cfp1 Cfp2 Cfp3 Cfp4 Cfp5 Cfp6 Cfp7 Cfp8 Cfp9 CFP-10

1

2

3 + + + + + + + +

4 + + + + + + +

5 + + + + +

6

7 + + + +

8 + + + + +

9 + + + + + + +

10 + + + + +

11

12 + +

13 + + + + + + +

14 + + + + +

15 + + +

16 + + +

17 + + + + +

18

19 +

20

21 + + + + + +

22 + + + + +

23 + + + + +

Total responders 9 1 7 5 9 11 9 10 5 17

To calculate positivity for BrdU 
incorporation, mean + 3SD of 
unstimulated culture was consid-
ered for each subject. Those pep-
tide values above this cut-oV 
were considered positive

HHC household contacts, 
CFP-10 culture Wltrate protein-10

Table 4 IFN-�/IL-4 ratio for CFP-10 overlapping peptides in CD4 cells

IFN-� and IL-4 analysis was carried out within CD4+ populations in the PTB and HHC groups whereas IFN-�/IL-4 ratio refers to analysis within
lymphocyte populations. Percentage of IFN-� and IL-4 positive CD4 cells were ascertained by Xow cytometry

PTB pulmonary tuberculosis patients, HHC household contacts, CFP-10 culture Wltrate protein-10

S. no. Stimulants PTB HHC

IFN-� 
(in % CD4 cells)

IL-4 
(in % CD4 cells)

IFN-�/
IL-4 ratio

IFN-� 
(in % CD4 cells)

IL-4 
(in % CD4 cells)

IFN-�/
IL-4 ratio

1 Unstimulated 0.31 § 0.17 0.43 § 0.18 0.71 § 0.10 0.12 § 0.03 0.19 § 0.12 0.63 § 0.30

2 Cfp1 1.25 § 0.11 0.99 § 0.49 1.13 § 0.40 1.05 § 0.49 0.94 § 0.17 1.12 § 0.40

3 Cfp2 0.19 § 0.63 0.44 § 0.70 0.43 § 0.09 1.89 § 0.13 1.50 § 0.27 1.26 § 0.50

4 Cfp3 0.12 § 0.03 0.12 § 0.29 1.00 § 0.20 0.23 § 0.11 0.22 § 0.22 1.00 § 0.40

5 Cfp4 0.10 § 0.29 0.12 § 0.64 0.80 § 0.20 0.48 § 0.46 0.44 § 0.79 1.10 § 0.30

6 Cfp5 1.25 § 0.03 0.82 § 0.72 1.50 § 0.50 0.23 § 0.06 0.24 § 0.76 0.94 § 0.30

7 Cfp6 0.07 § 0.22 0.13 § 0.31 0.54 § 0.10 1.26 § 0.17 0.66 § 0.18 1.92 § 0.60

8 Cfp7 0.28 § 0.25 0.36 § 0.57 0.78 § 0.20 1.7 § 0.07 0.85 § 0.05 2.00 § 0.70

9 Cfp8 0.16 § 0.09 0.26 § 0.39 0.62 § 0.30 1.08 § 0.10 0.57 § 0.63 1.90 § 0.60

10 Cfp9 0.28 § 0.89 0.30 § 0.67 0.93 § 0.30 0.59 § 0.26 0.45 § 0.95 1.30 § 0.60

11 CFP-10 protein 0.53 § 0.34 0.29 § 1.38 1.80 § 0.70 2.5 § 0.38 0.76 § 0.43 3.30 § 1.10
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assay. In our study too, this region showed a high IFN-�
response, but Cfp6 (51–70) and Cfp8 (71–90) of our study
exhibited the highest response. This may be due to genetic

diVerences between the populations which led to diVeren-
tial recognition of peptides.

It has been shown by Lewinsohn et al. [31] that CD4+ T
cells recognized certain peptidic regions like CFP101–23,
CFP1069–100 more, and the peptide CFP1041–59 was recog-
nized to a lesser extent. The study was carried out in Amer-
ican population and CD4 T cell reactivity to overlapping
peptides of CFP-10 was ascertained by an IFN-� ELISPOT
assay. The subjects enrolled in the study were normal
healthy subjects. In their study, CD4+ T cells were puriWed
by magnetic separation and then they were coincubated
with peptide pulsed dendritic cells. In our present study,
PBMCs were stimulated with peptides and IFN-� secretion
was measured in the supernatants by an ELISA. The second
highly recognized peptide (CFP1069–100) of Lewisohn et al.
[31] study overlaps our study peptides Cfp7, Cfp8 and
Cfp9.

In a study by Kamath et al. [32], a minimal epitope in
CFP-10 (32–39) has been identiWed to elicit immune
response in mice by activating CD4 as well as CD8 cells. A
marked immune response was not observed for this peptide
in all the three subject groups recruited in our study. This
fact suggests that results from animal studies do not always
extrapolate to human subjects. The other reason may be the
result obtained in our study has explored a small HLA pool,
and there may be other populations who might respond to
this unique peptide.

Our present study has recruited HHC as a group, because
these subjects live in the same household of PTB but do not
develop the disease. Hence, this group is considered as
“protected.” The immune responses are worth studying in
this group.

The immune response was low (IFN-� production and
proliferation) for PTB when compared to HHC in this
study. Although there are reports on high level of IFN-� in
PTB, like our study, few studies have shown the higher
response in HHC than PTB [33–35]. Many factors are
attributed to this decreased response viz., advanced disease
stage and hence cell recruitment to site of infection, genetic
predisposition, defects in antigen presenting cells, etc.

In the present study, treated subjects have been included
as a group to investigate whether drugs alter the immune
status or restore the immune system to normalcy. The
response observed for TR was decreased, when compared
to PTB, as well as HHC. This decrease might be due to the
fact that the circulating IFN-� secreting cells speciWc for
CFP-10 peptides might have decreased due to clearance of
the infection [36, 37]. This might be due to the clearance of
bacilli due to ATT and hence decreased antigenic stimulus
and lowered circulating IFN-� secreting cells.

In the present study, 20-mers were used for which, a
CD4+ mediated response is expected because of the pep-
tide size. The 20-mer peptides we used elicited response

Table 5 HLA-DRB1 typing of HHC, PTB and TR

The peptide response of HLA-DRB1 allele was ascertained by a cut-
oV from unstimulated cultures (»100 pg/ml). Those peptide values
which were above this cut-oV were considered positive. The alleles
showed in bold are those for which the peptide values were positive.
The response to each allele was studied by taking mean for each allele
as positives and regarding the mean of all other alleles as negatives.
Only the responses to responding peptide regions and the alleles in
HHC, PTB, and TR group are shown

HHC household contacts, PTB pulmonary tuberculosis patients,
TR treated TB patients
a The IFN-� values were initially subtracted from the unstimulated
culture values (Delta IFN-�)

� IFN-� (pg/ml)a

HHC responders

Cfp651–70

HHC10 30,364.06 DRB1 *15 *14

Cfp761–80

HHC1 63,019.27 DRB1 *04 *10

HHC2 9,710.28 DRB1 *04 *11

HHC3 1,222.7 DRB1 *04 *10

Cfp871–90

HHC1 57,875.35 DRB1 *04 *10

HHC2 8,487.49 DRB1 *04 *11

HHC3 1,262.35 DRB1 *04 *10

Cfp981–100

HHC1 41,467.26 DRB1 *04 *10

HHC2 4,444.59 DRB1 *04 *11

HHC3 546.29 DRB1 *04 *10

PTB responders

Cfp651–70

PTB2 442.17 DRB1 *03 *15

TR responders

Cfp321–40

TR7 1,082.21 DRB1 *12 *14

TR6 1,056.33 DRB1 *10 *04

Cfp541–60

TR7 1,150.58 DRB1 *12 *14

TR6 1,519.5 DRB1 *10 *04

Cfp651–70

TR1 1,181.03 DRB1 *15 *14

TR2 1,313.14 DRB1 *15 *14

TR5 595.78 DRB1 *15 *11

Cfp761–80

TR6 1,618.69 DRB1 *10 *04

Cfp871–90

TR7 1,190.38 DRB1 *12 *14

TR6 831.6 DRB1 *10 *04

Cfp981–100

TR6 803.97 DRB1 *10 *04
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(proliferation as well as intracellular IFN-� and IL-4) in
CD8+ T cells also. The reason for their CD8+ cell activa-
tion may due to the 20-mer peptides being processed and
binding class I molecules in endocytic compartments or at
the cell surface after regurgitation of processed peptides. It
has been shown by Eberl et al. [38] that a 69-mer synthetic
polypeptide (a malarial parasite circumsporozoite antigen)
is presented to MHC class I restricted CD8 cells. That study
involved an in vivo animal (mouse) model as well as in
vitro (cell line) system and has suggested that serum com-
ponents may allow the processing and loading of exoge-
nous polypeptides (which do not enter cytosolic processing
pathway) onto empty cell surface class I MHC molecules
for presentation to CD8+ cells.

Human AB serum has been used in our study in the cell
culture medium whose components might have played a
role in enhancing the presentation of breakdown products
of 20-mer peptides to CD8 cells and activating it.

Exogenous peptides are also presented to CD8 cells by
other mechanisms:

1. Macropinocytosis of phagocytosis of polypeptide by a
particular set of macrophages followed by disruption of
pinosome or phagosome.

2. Pinocytosis or endocytosis of antigens bound to pro-
teins for which receptors exist on cell surface followed
by lysosomal processing, escape of the proteins into
cytosol or regurgitation to the cell surface.

In immune response to antigens, an enhanced Th1 and a
lowered Th2 response is considered eYcient for protection.
In mice as well as humans, a lowered IL-4 response has
been observed to be associated with protection [39, 40]. In
Balb/c mice with IL-4 gene knockout, absence of IL-4 led
to restricted growth of M. tuberculosis indicating the
absence of this cytokine and protection [39]. In humans, it
has been observed that TB health care workers with pre-
existing IL-4 responses had a higher rate of progression to
tuberculosis [40]. So, this Th1/Th2 axis response was
addressed in the present study.

In this study, IFN-�/IL-4 ratio was studied for all 20-mer
peptides used in the study. The Th2 axis of immune
response is usually considered in very few epitope mapping
studies or not considered at all. We studied the signature
cytokine of Th2 arm of immunity and found that the pep-
tides Cfp6, Cfp7, Cfp8 and Cfp9 all showed a high ratio of
IFN-�/IL-4 in HHC group, suggesting that the immune
response elicited by these peptides is predominantly Th1
type. In proliferation and IFN-� secretion, TR was included
but not in later studies due to non-availability of samples.

The proliferative responses showed that the percentage
of CD4+ cells increased for peptides Cfp6, Cfp7, Cfp8, and
Cfp9 in HHC. Thus, it can be concluded that these peptides
are able to elicit proliferation of CD4+ T cells and produc-

tion of IFN-�. In the case of PTB, the peptides Cfp4, Cfp5,
and Cfp6 were the predominant proliferation inducing pep-
tides. The peptides Cfp1, Cfp2, Cfp3, Cfp5, Cfp7, and Cfp8
were the ones which induced proliferation in the TR group.
The increased number of peptide inducing proliferation in
the TR may be due to prolonged exposure to antigen and
increased number of antigen-speciWc cells for many immu-
nodominant regions of CFP-10 protein.

The CD8+ cell proliferation responses diVered from that
of CD4+ responses. The peptides Cfp1, Cfp3, Cfp5, Cfp6,
Cfp7, Cfp8 elicited proliferation in HHC. The PTB as well
as TR group showed CD8+ response to peptides Cfp5,
Cfp6, Cfp8, and Cfp9. TR responded to the peptide Cfp7
also. The diVerence between CD4 and CD8 responses may
be due to the presence of unique CD8 epitopes which might
have caused proliferation.

In the present study, the strong responders from HHC1,
2, 3, as well as TR6 have allele similarities but T cells
respond to distinct epitopes. The probable reason for the
lesser number of peptidic regions recognized by HHC1, 2,
3 (Cfp7, Cfp8, Cfp9) when compared to TR6 (Cfp3,Cfp5,
Cfp7, Cfp8, Cfp9) might be due to restriction or inXuence
by HLA-DQ, DP class II alleles or HLA class I alleles (A,
B, and C) of these subjects. Apart from this, the inter indi-
vidual variation in IFN-� response to even those who share
the same HLA might be due to polymorphisms in their
IFN-� gene. Another possible reason for diVerences in epi-
tope recognition between subjects who share the same
allele might be due to the epitope being recognized not
being a dominant one. This may lead to diVerential binding
of the epitopic regions to the same alleles. The bioinformat-
ics data analysis supports this possibility, because the
potential epitopes predicted were found to lie within the
peptides Cfp7, Cfp8 and Cfp9 (CFP-1056–64 and CFP-1076–84).
The regions Cfp3 and Cfp5 lack immunodominant CFP-10
epitopes. These reasons might be speculated to be the cause
for the observed diVerence in responses between HHC and
TR sharing the same alleles.

An association between HLA and tuberculosis has been
reported [41]. Among the MHC class II molecules, HLA-DR
molecules are reported to be the main presenters of myco-
bacterial antigens to T cells [42–45]. In vaccine studies,
HLA proWles deserve importance because diVerent HLA
molecules present peptides to T cells with variable eYcien-
cies [46]. Thus, a need always arises for designing HLA-
based vaccines for diVerent geographic areas and speciWc
ethnic groups. The other class II alleles, HLA-DP and DQ
alleles have also been studied in tuberculosis [47] and are
known to present antigens. They also play a role in immune
eVector functions. HLA-DRB1, a more polymorphic allele,
has been typed in this study but not the other alleles.

In this study, HLA DRB1 *04 and DRB1 *10 were the
alleles which showed a predominant response among HHC
123
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presenting C-terminal peptides of CFP-10 protein. Cfp6
peptide was recognized by this group. Two peptides, Cfp3
and Cfp5, were recognized by multiple alleles in the TR
group. In south India, the association of HLA DRB1 *10
with prevention and DRB1 *15 allele with predisposition to
tuberculosis infection has already been studied [47]. In our
study, the allele DRB1 *10 of the protected group recog-
nized the peptide Cfp7, Cfp8 as well as Cfp9. These pep-
tides were least recognized by the PTB group in our study
hence are unique and may have implications for vaccine
design. Response was not observed for certain HLA DRB1
alleles. Major conclusions cannot be drawn from these
HLA studies; so a larger cohort of subjects is needed to
conWrm the observed results.

In vitro response was observed for 20-mers Cfp6, Cfp7,
Cfp8, and Cfp9 in HHC group. Though HLA analysis
reveals peptide recognition ranging from the length of 9–21
amino acids, 9-mers and 15-mers are more frequently rec-
ognized length as epitopes. In order to predict epitopes with
minimal length, two bioinformatics servers were chosen in
this study, IEDB server to predict possible 15-mers as epi-
tope and to further narrow down the length (nonamers as
minimal epitopes) of the epitope in the CFP-10 protein,
ProPred was chosen. The minimal epitopes, CFP-1056–64

(VRFQEAANK) and CFP-1076–84 (IRQAGVQYS) were
predicted as potential promiscuous nonamers by ProPred.
The prediction of nonamer 76–84 is also supported by the
IEDB result in which 15-mers starting from any of amino
acids, 70–75 (15-mers 70–84, 71–85, 72–86, 73–87, 74–88,
and 75–89) were predicted as potential binders with diVer-
ent HLA subtypes (HLA_DRB1-0301, HLA_DRB1-0404,
HLA_DRB1-0405, and HLA_DRB1-0802). The epitope
76–84 was present in Cfp7, 8, 9 and all of those peptides
were found to induce immune response in vitro. The non-
amer 56–64 was predicted as a potential promiscuous epi-
tope in ProPred analysis while the same nonamer was part
of Cfp5, 6, and 7. The immune response has been observed
in vitro for Cfp6 and 7 while no response was found for the
peptide Cfp5. Therefore, amino acids in the carboxy termi-
nal of the nonamer of 56–64 may be responsible for
immune response. The structural biology study of these two
nonamers (56–64 and 76–84) and their HLA association
may help us to better understand the importance of speciWc
amino acid in the immune response.

Two methods were chosen here for the in silico analysis
in order to enhance the quality of the prediction. Nonamers
predicted using ProPred start at position 4, 39, 43, 55, 56,
and 76 were found to be part of or subsequence of the
15-mers predicted using the Consensus method (IEDB
server). Prediction of 15-mers as HLA binders by IEDB
which are already demonstrated to be immunogenic in vitro
and further narrowing down to nonamers by prediction
using ProPred server enhances the potential of these

nonamers to be potential candidates for immunodominance.
However, further characterization is required to conWrm
which of these nonamers predicted are speciWcally respon-
sible for such immune response.

There are few drawbacks in this study. Instead of single
cytokine-secreting cells, recently polyfunctional cytokine-
secreting cells are being studied which has not been
attempted in this study. Regulatory T cell response is
another area of interest which can unravel many hidden facts
about regulatory nature of epitopes. The members of the
cohort of TR recruited were not the same as PTB after treat-
ment and in the present study. If the same PTB were studied
after treatment, the response would be more meaningful
with regard to T cell recognition pattern. Only HLA typing
has been done and conWrmation of peptide binding to HLA
by peptide binding assays has not been done in this study.
Moreover, HLA typing has been done in a few subjects and
in silico analysis has been done with few HLA alleles in the
present study. The number of subjects for HLA typing has to
be increased to get a better picture of the scenario.

The C-terminal peptides of CFP-10 viz., Cfp7, Cfp8, and
Cfp9 are recognized by HHC and not by PTB. The in silico
approaches have showed two minimal epitopes CFP-1056–64

and CFP-1076–84 to be immunogenic which have prospects
for vaccine development.
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