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Tuberculosis causes serious health problem for the world population. Antigenic peptides selected by
pathogen-specific cytotoxic T lymphocytes (CTLs) are presented by major histocompatibility complex
(MHC; or human leukocyte antigen [HLA] in humans)molecules, and HLA-A restricted responsesmay be of
interest for vaccine development and the understanding of cellular immunity. A series of peptides derived
from the 10-KDa culture filtrate protein (CFP10) and the 6 kDa early secretory antigenic target (ESAT-6) in
the Mycobacterium tuberculosis (Mtb) have been screened and a CTL epitope restricted by the human
leukocyte antigen HLA-A24, a common HLA allele in Asian people, has been identified. In this study, we
studied a panel of CFP10 and ESAT-6-derived peptides to identify those with binding motifs for HLA-A24
molecules. The antigenicity of candidate peptides was assessed with in vitro refolding tests and an
enzyme-linked immunospot (ELISPOT) assay, and by tetramer staining to determine the capacity to stim-
ulate CTLs from peripheral blood mononuclear cells (PBMCs) of HLA-A24-positive TB Patients. We report
thatonenovel candidatepeptide at positions5e14of ESAT-6ofMtb could inducepeptide-specific CTLs from
PBMCs of HLA-A24-positive patients, but not from HLA-A24-negative patients and HLA-A24-positive
healthy controls. Identified epitope is a weak binder for HLA-A24 molecule in a mini MHC refolding
assay. Since the peptide is presented bya commonHLAclass Imolecule, itmay be useful for immunotherapy
against Mtb infection and vaccine development in the large population of Mtb-infected patients.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Currently, tuberculosis remains one of the top three fatal
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syndrome (AIDS) and malaria. In China, it is estimated that 550
million (about 44.5% of the population) individuals latently have
been infected withMycobacterium tuberculosis (Mtb), and 2 million
are with smear-positive or culture-positive pulmonary tuberculosis
(TB) patients [1].

Although the mechanisms of protection against tuberculosis are
not completely understood, many lines of evidence have shown that
antigen-specific cytotoxic T lymphocytes (CTLs)might be effective in
limiting the spread of Mtb and clearing Mtb during infection. To
control mycobacterial growth, MHC class I-restricted CD8þ CTLs are
expected to recognize and react to target epitopes presented by
antigenpresenting cells during the course of infection.Moreover, the
cytokine interferon gamma (IFN-g) produced by T cells has a critical
role in the protective immunological response against primary
infection. However, because the antigen specificity of the human T
cell response is known to be strongly disciplined by HLA poly-
morphism [2], the immunogenic potential of candidate vaccines
needs to be elucidated in the context of major HLA polymorphisms.
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Therefore, the identification of specific CTL epitopes in the context of
major HLA alleles remains a critical step in both understanding
mycobacterial control mechanisms and evaluating TB vaccines.

The antigenicity of TB seems to be largely dependent upon two
important secreted proteins: the 6-KDa early secretory antigenic
target (ESAT-6) and the 10-KDa culture filtrate protein (CFP10). It
has been previously demonstrated that ESAT-6 and CFP10 are able
to stimulate T cells to produce IFN-g and display cytolytic CTL
activity in humans infected with Mtb, suggesting them as potential
candidates for application in an anti-tuberculosis subunit vaccine
[3,4]. A series of epitopes for CD8þ Tcells, restricted by certainMHC
molecules, have been identified [4e7]. According to the report of
the frequency of HLA alleles in humans, HLA-A24 is one of the most
common HLA-A alleles worldwide, especially in Asian populations
[8]. Nevertheless, relatively few epitopes presented by this mole-
cule have been defined for human CD8 T cells in Mtb infection. In
the present study, we adapted an approach utilizing a panel of
synthetic peptides containing the HLA-A24-binding motifs for
identification of CTL epitopes in ESAT-6 and CFP10 proteins.

2. Material and methods

2.1. Subjects

Seven TB patients (nos. 1e7) and two healthy controls were
examined for the induction of TB-specific CTLs (Table 1). All
patients were recruited from Nanjing Chest Hospital and The
People’s Hospital of Luhe, Nanjing. The diagnosis of tuberculosis
was confirmed in all cases by one of the diagnostic standards
developed by the Ministry of Health of the People’s Republic of
China: (1) two positive acid-fast bacilli (AFB) smears, or positive
sputum culture for M. tuberculosis, and chest X-rays showing
radiographical abnormalities characteristic of pulmonary tubercu-
losis; or (2) at least two sputum specimen negative for AFB and
culture and chest X-rays showing signs of active pulmonary
tuberculosis, accompanied with symptoms such as cough, cough
with blood-tinged sputum, coughing up blood, chest distress, chest
pain, and tiredness. Four patients (nos. 1e4) were HLA-A24-
positive, and all other patients (nos. 5e7) were HLA-A24-nega-
tive. Both of the two healthy controls were HLA-A24-positive and
had no history of tuberculosis and no history of contact with
patients with tuberculosis. All patients were HIV negative. The TB
patient group included three women and four men. The purpose
and performance of the study were fully explained to all partici-
pants from Nanjing Chest Hospital and The People’s Hospital of
Luhe. Collection of peripheral blood mononuclear cell (PBMC)
samples was authorized by the Hospital Ethics Review Committees.
Table 1
HLA alleles of subjects used for inducing CTLs specific for the HLA-A24 synthetic
peptides.

Subjects Age (yr) Sex HLA allele

TB patients
1 17 Male A24 A31
2 24 Male A24 A11
3 23 Female A24
4 20 Male A24 A2
5 32 Female A2 A30
6 21 Male A2
7 51 Female A2 A11

Healthy donors
8 55 Female A24 A2
9 49 Male A24 A33

Subjects 1e4 are HLA-A24-positive TB patients; subjects 5e7 are HLA-A24-negative
TB patients; subjects 8 and 9 are HLA-A24-positive healthy controls.
Fifteen milliliters of peripheral blood was obtained from each
subject, and the PBMCs were prepared by FicolleConray density
gradient centrifugation. All of the samples were cryopreserved in
liquid nitrogen until use in the experiments. The expression of HLA-
A molecules on the PBMCs was determined as follows:

2.2. HLA typing

HLA typing of the subjects was done using fresh PBMCs. DNA
was extracted from PBMCs using RelaxGene Blood (Tiangen, Bei-
jing, China). Low resolution HLA typing was performed using PCR
with sequence-specific primers (PROTRANS, Germany). MHC
alleles were identified with the 20090122 version of SCORE Virtual
Sequencing software. The results of the HLA typing of the subjects
are listed in Table 1.

2.3. Peptides

Peptides were purchased from SBS Genetech (Beijing, China).
Precise information regarding these peptides is provided in Table 2.
The purities of all the peptides used herewere>90%, as determined
by high performance liquid chromatography (HPLC). All peptides
were dissolved in dimethylsulfoxide (Sigma, St. Louis, MO, USA) at
a concentration of 10 mg/ml and stored at �70 �C.

2.4. Cytokines

Human recombinant IL-2 and human recombinant IL-7 were
purchased from R&D Systems (Minneapolis, MN, USA).

2.5. Refolding of candidate peptides with HLA-A24 heavy chain and
b2m

Refolding was performed as described previously with minor
modifications [9]. Briefly, the HLA-A24 heavy chain and b2m were
expressed in a prokaryotic expression system. HLA-A24 heavy
chain, b2m and peptide were subsequently added into refolding
buffer (100 mM Tris/HCl, 400 mM L-arginine-HCl, 2 mM sodium
EDTA, 0.5 mM oxidized glutathione, 5 mM reduced glutathione,
1 mM PMSF, 1 mg/ml pepstatin, and 1 mg/ml leupeptin). After
stirring at 4 �C for 48 h, the soluble refolded portion was concen-
trated and then purified by Superdex G200 gel filtration chroma-
tography (GE Healthcare Bio-Sciences AB) to indicate the correctly
refolded peptideeHLA complex.
Table 2
Predicted HLA-A*24-restricted peptides for TB epitopes.

No. Sequence Position Scorea HLA-A24 bindingb

P1 Q Q A L S S Q M G F CFP10, 91e100 187.3 High
P2 Q W R G A A G T A A CFP10, 42e51 316.5 Intermediate
P3 E L N N A L Q N L ESAT-6, 64e72 1015.9 Intermediate
P4 A Y Q G V Q Q K W ESAT-6, 50e58 609.6 No
P5 Q W N F A G I E A A ESAT-6, 5e14 411.2 Intermediate
P6 Q Y S R A D E E Q Q CFP10, 82e91 635.8 No
P8 V T S I H S L L D ESAT-6, 22e30 631.4 High
P9 E M K T D A A T L CFP10, 3e11 306.4 No

a In the evaluation of HLA-A24-restricted peptide prediction, the predicted
binding score in the computer algorithm is reported as the IC50 value. IC50 refers to
the concentration of peptide required to inhibit 50% of reporter peptide-MHC
binding. The source of the peptide binding prediction was a web site: www.
immuneepitope.org. (see Ref. [15]).

b The binding of peptides to the RMA-S/hb2m-A24 cell line was demonstrated by
an increase in the fluorescence index MFI (see Ref. [15]). Peptides with an MFI ratio
>1.5 defines a high-affinity binding, and intermediate binders have an MFI ratio of
1.25e1.5. The other peptides showed no binding affinity.

http://www.immuneepitope.org
http://www.immuneepitope.org
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2.6. ELISPOT assay

A 96-well plate membrane was pre-coated with 10 mg/ml anti-
IFN-gmAb (Epigen, Beijing, China) overnight at 4 �C. PBMCs (2�105

cells per well) were added in duplicate wells. Candidate peptides
were used at concentrations of 10 mg/ml to stimulate the effector
cells. As a positive control, 5 mg/ml Phytohaemagglutinin (PHA) was
also added to pairs of ELISPOTwells. TB-stimulants was provided by
Epigen. After incubation (37 �C/5% CO2), themediumwas discarded,
and the wells were washed prior to the addition of anti-human
biotinylated interferon-g (Epigen, Beijing, China) at 2 mg/ml per
well. The plates were incubated at room temperature for 2 h and
then washed, followed by the addition of streptavidinealkaline
phosphatase and then the chromogenic substrate NBT/BCIP (Epi-
gen, Beijing, China). After development, SFCswere counted using an
ELISPOT reader (Autoimmun Diagnostika GmbH, Strasberg,
Germany). Typically, the negative control will have less than 5 spots.
In this case, a positive or reactive sample will have at least 6 spots
more than the negative control. If the negative control has 6 ormore
spots, a responsewas considered positive if thewell containedmore
than two times the mean SFCs of the negative controls.

2.7. Invitro stimulation of IFN-g-producing CTLswith selected peptides

PBMCs were separated from the whole blood of two HLA-A24þ

and one HLA-A24� TB patients, as well as one HLA-A24þ healthy
control. PBMCs (2 � 106/ml) were cultured with P5 peptide at
a concentration of 10 mM in 1 ml of medium consisting of RPMI
1640 supplemented with 10% fetal calf serum, amino acids, pyru-
vate, antibiotics, 20 ng/ml rhIL-7, and 20 units/ml rhIL-2
Fig. 1. Enumeration of SFCs in a 24-h direct ELISPOT assay performed with freshly isolated PB
are means � SD from three separate experiments. The spots are a measure of IFN-g-produc
one representative experiment. 5 mg/ml PHA and TB-stimulants were used as positive cont
(EuroCetus, Amsterdam, Netherlands) in 24-well tissue culture
plates. Half of the medium was then changed every 3 days with
supplementation of rhIL-2 at a final concentration of 20 U/ml. At
day 10, the cells were harvested and tested for the presence of
peptide-specific CD8þ T cells by an IFN-release ELISPOT assay.

2.8. Tetramer preparing and staining

Tetrameric HLA-A24epeptide complexepeptide molecules
containing candidate peptides were constructed using the previ-
ously described method [10]. The cells were incubated at 37 �C for
20 min with the PE-labeled tetrameric complex and washed once
with PBS prior to incubation at 4 �C with FITC-labeled anti-CD8
mAb (eBioscience, San Diego, CA, USA). The samples were detected
by flow cytometry (Guava easycyte). Tetramer-positive cells gated
from CD8þ T lymphocytes were counted as epitope-specific CTLs.

2.9. Statistical evaluation

Statistical analysis was performed using the unpaired two-tailed
Student’s t-test to compare cytokine release. Differences were
considered significant when the P was <0.05.

3. Results

3.1. AnHLA-A24-restricted epitopewas identifiedbyexvivo color IFN-
g ELISPOT assay and tetramer staining with freshly isolated PBMCs

To identify peptides recognized by TB-specific CTLs in the
context of HLA-A24 molecules, the IFN-g ELISPOT assay was
MCs from HLA-A24þ TB donors, HLA-A24� TB donors, or HLA-A2 TB donors. (A) Results
ing cells from PBMCs stimulated with various candidate peptides. (B) Results are from
rols. No peptide was added in the negative control.
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performed using freshly isolated PBMCs. PBMC samples obtained
from 20 donors who had recovered from TB were typed for HLA-
A24 expression. The samples of 4 donors were HLA-A24-positive.
Each of the 8 candidate peptides from TB-ESAT-6 and CFP10 were
tested for their capacity to stimulate IFN-secretion in the PBMCs
from the four HLA-A24þ TB donors ex vivo.

The induction of IFN-secretion was revealed by a 24-h direct
ELISPOT assay with freshly isolated PBMCs. As shown in Fig. 1, P5
significantly elicited specific IFN-producing CTLs from the PBMCs of
all HLA-A24þ TB donors compared to the negative controls
(40.6 � 17.8 vs. 10.7 � 3.7 spot-forming cells (SFCs)/2 � 105 PBMCs,
p < 0.05). Such a T cell response was not observed from the PBMCs
stimulated by the other tested peptides except P8 (20.1 � 17.9 vs.
10.7 � 3.7). However, there was no statistical difference in IFN-
producing cell numbers between the P8 group and negative
control wells. Both HLA-A24� TB donors and HLA-A24þ healthy
donors had similar levels of SFCs in the P5 group as in the negative
controls.

Consequently, an HLA-A24/P5 tetramer was prepared and used
to confirm the existence of P5-specific CTLs. Fresh PBMCs from
HLA-A24þ healthy donors, HLA-A24þ TB donors, and HLA-A24� TB
donors were stained with HLA-A24/P5 tetramer, and the propor-
tion of P5-specific CD8þ Tcells was detected by flow cytometry. The
results showed that the percentages of P5-specific CTLs detected
from all HLA-A24þ TB donors were an average of three times higher
than those in the PBMCs of all tested HLA-A24þ healthy controls
and HLA-A24� TB donors (Fig. 2).

3.2. Identified peptide could stimulate bulk peptide-specific CTL
expansion from HLA-A24-positive TB patients with ELISPOT assay

The PBMCs were stimulated for 10 days in the presence of P5
peptide and 20 U/ml recombinant human interleukine-2(rhIL-2)
and 20 ng/ml recombinant human interleukine-7(rhIL-7). The
induction of IFN-secretionwas revealed by the ELISPOT assay in the
presence of P5. We adopted the assay because it can test many
samples simultaneously in a few plates using relatively small
numbers of CTLs. As shown in Table 3, the polyclonal TB-specific
CD8þ T cells established from PBMCs of the HLA-A24þ TB donor
Fig. 2. Measurement of P5-specific CTLs by tetramer staining. P5-specific CTLs were measure
HLA-A24þ TB patients, using PE-labeled HLA-A24/P5 tetramer along with FITC-labeled anti-C
cells within CD3 þ CD8þ lymphocytes. The results are representative of three independen
produced significant numbers of IFN-g spots when incubated with
P5 peptide, while the responders generated from the controls
produced small numbers of spots. Peptide P5 significantly elicited
specific IFN-producing CTLs from the PBMCs of all HLA-A24þ TB
donors, compared to the HLA-A24þ healthy controls or HLA-A2þ TB
donors.

3.3. Identified epitope is a weak binder for HLA-A24 confirmed by
a mini MHC refolding assays

To test the binding affinity of the candidate peptides to HLA-A24
molecules, we adopted a peptide-induced stabilization assay of the
HLA-A24 heavy chain and light chain in vitro. All the 8 predicted
peptides could refold with HLA-A24 H chain and b2m molecules
with varying avidities (Fig. 3). Among these, P1, P3, P4, and P6 had
stronger avidities. Compared to the positive control peptide and
those peptides with higher avidities, P5 had a lower binding effi-
ciency to HLA-A24 molecules. Peptide N1(QFKDNVILL) acted as the
positive control and showed a high binding capacity to HLA-A24
molecules. HLA-A24 heavy chain and light chain could not form
the MHC complexes in the presence of the HLA-A2-restricted
peptide GILGFVFTL.

4. Discussion

M. tuberculosis, which is the leading cause of death from a single
bacterial species, severely impacts global health [11]. Vaccination
with Mycobacterium bovis BCG (bacillus Calmette-Guérin) reduces
the severity of tuberculosis in children; however, there is limited
evidence of the efficacy of BCG vaccination when applied to adults
[12]. Furthermore, vaccination may cause severe disease in
immunocompromised patients, such as those infected with HIV or
suffering from tumors [13]. T cells play a vital role in fighting against
tuberculosis. It has been proven that CD4þ T cells are essential for
immunity and that CD8 T cells are indispensable parts of the anti-
bacterial immunity [5]. Considering that BCG is a powerful stimu-
lator of CD4 Tcells and a poor stimulator of CD8 Tcells, further work
should focus on eliciting both potent CD8 T cell and CD4 T cell
responses to achieve better immunity [14].
d from fresh PBMCs of (A) HLA-A24� TB donors; (B) HLA-A24þ healthy donors; and (C)
D8 mAbs for cell staining. The numbers shown represent the percentage of tetramerþ

t experiments.



Table 3
Induction of P5-specific CTLs in PBMC cultures from TB-infected patients.

IFN-gspot-forming unit

Group Ex vivo Cells cultured
for 10 days in
the presence of
P5 peptide

Per 2 � 105 cells Per 5 � 104 cells

A24 TB patient 1
Positive control (þ) 223 � 77 583 � 151
Negative control (�) 3 � 3 11 � 9
Sample 22 � 20 213 � 54
A24 TB patient 2
Positive control (þ) 226 � 37 639 � 67
Negative control (�) 8 � 2 6 � 4
Sample 36 � 9 193 � 48
A24 healthy donor
Positive control (þ) 233 � 42 548 � 80
Negative control (�) 7 � 4 8 � 6
Sample 7 � 5 48 � 24
A2 TB patient
Positive control (þ) 179 � 35 519 � 29
Negative control (�) 5 � 4 6 � 2
Sample 4 � 4 58 � 8a

a Mean � SD from three independent experiments. Values shown are the mean
number of IFN-gþ cells, based on duplicated wells.
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In this study, we used an approach starting with a computer
motif prediction. The predicted binding affinity in the computer
algorithm is reported as the IC50 value. A panel of 9- and 10-mer
peptides derived from TB ESAT-6 and CFP10 proteins were
Fig. 3. In vitro refolding of the HLA-A24 heavy chain and b2m molecules with candidate pep
liquid chromatography Superdex G75 gel filtration. The positive control (PC) peptide w
nucleocapsid (N) protein-derived CTL epitope, N1 (QFKDNVILL), and the negative control (N
the peptide could refold with the HLA-A24 heavy chain and light chain. The results are rep
selected for screening based on computer algorithms [15]. All the
peptides could bind with the H and L chains of HLA-A24 molecules
with various avidities in vitro, as determined by dilution refolding.
The candidate peptides were previously tested for their capacity to
bind to HLA-A24 molecules on the cell surface [15]. We observed
that the affinities of these peptides were not entirely consistent
when measured by the two assays. Peptides P4, P6 and P9 could
refold with the HLA-A24 heavy chain and light chain; however, no
binding affinity was observed with the three peptides in the cell
surface stabilization assay [15]. It has been suggested that factors
such as temperature or the conformation of the heavy chain ofMHC
class I may affect the formation of MHC-I molecular complexes,
which may account for this discrepancy [16]. To verify the results,
we assayed PBMCs from TB donors to determine the CD8þ T cell-
specific response to the candidate peptides. Only peptide P5-
specific CTLs from HLA-A24þ TB donors were significantly detec-
ted by stimulated ELISPOT assays and tetramer staining. Our study
demonstrates that, although in vitro refolding is an effective
approach to identify HLA class I-restricted T cell epitopes, the
peptides which have refolding capacity with the corresponding
HLA allele, for example P4, may not react well with T cells in further
assays, such as the ELISPOT assay and tetramer staining. While the
peptides which present lower binding capacity with the target HLA
allele, for example P5, may distinctly induced peptide-specific CTLs.
We assume that some potential T cell epitopes may be missed if we
use the refolding test solely to identify peptides because there may
be some peptides that bind HLAwith relatively low affinity but still
bind TCR with high affinity. Therefore, establishing that an immu-
nodominant HLA-A24-restricted, TB-specific CD8þ T cell epitope
tides of ESAT-6 and CFP10 proteins. The refolded complexes were tested by fast protein
as a HLA-A24-restricted severe acute respiratory syndrome coronavirus (SARS-CoV)
C) peptide was a HLA-A2-restricted influenza A matrix peptide 58-66 (GILGFVFTL). All
resentative of three independent experiments.
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exists would require screening by an IFN-g ELISPOT assay and
tetramer staining.

This study demonstrates the presence of HLA-A24-restricted
CD8 CTL specific for an M. tuberculosis protein antigen in infected
individuals. Different levels of epitope-specific CD8 T cells may be
found between subjects with active Mtb infection and those who
contain infection (LTBI individuals). During active disease, in which
antigen load is high, large numbers of CD8 T cells are indeed
sequestered in the lung, and not only in peripheral blood [17]. The
results obtained with PBMC in humans may not necessarily reflect
the local immune response to the infection. The CTL epitope
discovered could be further investigated for the subjects with latent
TB where either elevated T cell frequencies could be themajor force
for the containment of infection, or the consequence of the
persistence of pathogens inside macrophages for a long time [18].

In conclusion, we provide evidence that ESAT-6-derived peptide
P5 (QWNFAGIEAA) may be a novel, naturally processed HLA-A24-
restricted CTL epitope, which adequately sensitized the target for
recognition by CTL in the Mtb-infected patients carrying HLA-A24.
Peptide P5was aweak binder for HLA-A24molecule and light chain
in the refolding assay, and showed medium affinity in the MHC
stabilization assay [15]. This sequence, encompassing residues
QWNFAGIEAA, is located in the N-terminal side of the ESAT-6
protein, whose corresponding gene (esat-6) is located in RD1,
which is a 10-kb DNA region deleted in the attenuated tuberculosis
vaccine BCG [19]. It is well known that ESAT-6 is a dominant target
for cell-mediated immunity and is frequently recognized during
early TB infection [20]. In this regard, the HLA-A24-restricted CTL
epitope identified in this study may be useful to enhance the CTL
activity specific for Mtb protein to prevent the spread of myco-
bacteria in a large population of Mtb-infected patients.
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