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The immune protection initiated by �� T cells plays an important role in mycobacterial infection. The �� T cells activated by
Mycobacterium tuberculosis-derived nonpeptidic, phosphorylated biometabolites (phosphoantigens) provide only partial im-
mune protection against mycobacterium, while evidence has suggested that protein antigen-activated �� T cells elicit effective
protective immune responses. To date, only a few distinct mycobacterial protein antigens have been identified. In the present
study, we screened protein antigens recognized by �� T cells using cells transfected with the predominant pulmonary tuberculo-
sis �� T cell receptor (TCR) CDR3 fragment. We identified two peptides, TP1 and TP2, which not only bind to the pulmonary
tuberculosis predominant �� TCR but also effectively activate �� T cells isolated from pulmonary tuberculosis patients. More-
over, 1-deoxy-D-xylulose 5-phosphate synthase 2 (DXS2), the TP1-matched mycobacterial protein, was confirmed as a ligand for
the �� TCR and was found to activate �� T cells from pulmonary tuberculosis patients. The extracellular region (extracellular
peptide [EP]) of Rv2272, a TP2-matched mycobacterial transmembrane protein, was also shown to activate �� T cells from pul-
monary tuberculosis patients. Both DXS2- and EP-expanded �� T cells from pulmonary tuberculosis patients could secrete
gamma interferon (IFN-�) and monocyte chemoattractant protein 1 (MCP-1), which play important roles in mediating cytotox-
icity against mycobacterium and stimulating monocyte chemotaxis toward the site of infection. In conclusion, our study identi-
fied novel mycobacterial protein antigens recognized by �� TCR cells that could be candidates for the development of vaccines
or adjuvants against mycobacterium infection.

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is one
of the most prevalent serious infectious diseases worldwide.

Approximately 30% of the world’s population is affected by M.
tuberculosis, which causes 1.7 million deaths every year. According
to the 2009 WHO report on tuberculosis, there were an estimated
9.4 million incident cases of TB globally, which was equivalent to
137 cases per 100,000 people. In 2010, there were approximately
8.8 million incident cases of TB, 1.1 million deaths from TB
among HIV-negative people, and an additional 0.35 million
deaths from HIV-associated TB (1, 2). Although combination
chemotherapy is effective in the treatment of tuberculosis, the
treatment is arduous and requires stringent compliance to avoid
the development of multidrug-resistant strains of M. tuberculosis.
The attenuated strain of Mycobacterium bovis, bacillus Calmette-
Guérin (BCG), is currently the only available vaccine against tu-
berculosis (3, 4). However, the efficacy of BCG in the control of
tuberculosis has shown considerable variation in different clinical
trials and geographically distinct populations (5). Moreover, BCG
can cause disseminated disease in immunocompromised individ-
uals (6, 7). Thus, current efforts are directed toward the develop-
ment of a safer and more effective vaccine against M. tuberculosis.

In recent years, the vaccine for M. tuberculosis based on �� T
cells provided a novel approach to TB control due to its important
role in preventing tuberculosis infection (8, 9). Originally, M. tu-
berculosis-derived nonpeptidic, phosphorylated biometabolites
(phosphoantigens), such as isopentenyl pyrophosphate (IPP),
were regarded as the main �� T cell receptor (TCR)-recognized
antigens. However, phosphoantigen-activated �� T cells display a
restricted TCR diversity, and only a subset of phosphoantigen-
responsive �� T cells mediate protective immunity against M. tu-
berculosis (10). In contrast, �� T cells activated by M. tuberculosis-
derived protein antigens were reported to be able to effectively

induce innate and adaptive immunity against M. tuberculosis. Ev-
idence also exists indicating that �� T cells participate in the an-
ti-TB immune response elicited by other immune cells (11–13).
These immune cells play an important role in the control of M.
tuberculosis. However, until now, only a few promising tubercu-
losis protein antigens that effectively activate �� T cells against M.
tuberculosis have been identified.

We have established a novel strategy to screen for BCG-spe-
cific, �� TCR-recognized peptide and protein antigens through
panning a 12-mer random peptide phage display library using
BCG-specific �� TCR CDR3-transfected cells as probes (14). A
peptide (BP3) and a protein (oxidative stress response regulatory
protein [OXY]) were identified that not only bound to the BCG-
specific �� TCR but also effectively activated �� T cells isolated
from human subjects inoculated with BCG. This strategy provides
a novel means to screen mycobacterial vaccine candidates or ad-
juvants. Given that we have found a preponderant complemen-
tary determinant region (CDR3) sequence in pulmonary tu-
berculosis patients (15), it is rational to identify new
tuberculosis protein antigens recognized by �� TCR in pulmo-
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nary tuberculosis patients by extending the screening strategy
previously used for BCG.

In this study, we first constructed �� TCR-transfected cells
expressing the predominant pulmonary tuberculosis CDR3 se-
quence and a healthy control CDR3 sequence. These cells then
were used to carry out subtractive screening in vitro with a phage
display 12-mer peptide library. Consequently, we obtained a
group of peptides capable of binding specifically to �� TCR-trans-
fected cells and �� T cells isolated from pulmonary tuberculosis
patients. The biological function of these peptides and their
matched proteins, identified through bioinformatics analysis, was
further investigated and verified.

MATERIALS AND METHODS
Subjects. This study was performed on 80 randomly selected pulmonary
tuberculosis patients (mean age, 50.3 years; 56 men and 24 women) who
had been admitted to the Beijing Tuberculosis and Thoracic Tumor Re-
search Institute during a 12-month period. Pulmonary tuberculosis was
diagnosed by the following clinical parameters: presence of cough/expec-
toration, chest X-ray showing infiltration and/or cavities, a minimum of
one positive sputum smear, and a positive culture result for acid-fast
bacilli. The exclusion criteria were human immunodeficiency virus posi-
tivity, diabetes mellitus, pregnancy, and immunological or autoimmune
diseases. Detailed information of 20 pulmonary tuberculosis patients used
in functional analysis is provided in the supplemental material. Forty
healthy volunteer subjects (mean age, 40 years; 24 men and 16 women)
were included as a control group. Healthy subjects did not have any
changes on X-ray and tuberculosis history or other underlying disease.
Exclusion criteria for the healthy control groups were smoking, medica-
tion, pregnancy, and any abnormalities in renal and liver function tests.
This work received approval from the Clinical Ethics Committee of the
Institute of Pathogen Biology, Chinese Academy of Medical Sciences, and
Beijing Union Medical College. All subjects gave their informed consent
to participate.

Reagents and cell lines. The phD 12 phage display peptide library kit
(New England Biolabs) was used to screen specific peptides binding to ��
TCR. J.RT3-T3.5 cells and THP-1 cells, a human myelomonocytic cell
line, were obtained from the American Type Culture Collection (ATCC).
�� T cells, immobilized by anti-pan-�� TCR monoclonal antibody (Im-
munotech), 1-deoxy-D-xylulose 5-phosphate synthase 2 (DXS2) protein,
and extracellular peptide (EP) were obtained from fresh peripheral blood
mononuclear cells (PBMC). In brief, PBMC were separated from periph-
eral blood by density gradient centrifugation on Ficoll-Hypaque (GE
Healthcare). The cells were grown in RPMI 1640 medium supplemented
with 12% fetal calf serum (FCS), 200 U/ml interleukin-2 (IL-2), penicillin,
streptomycin, and 5 � 10�5 M �-mercaptoethanol in a 24-well cell cul-
ture plate containing immobilized anti-pan-�� TCR monoclonal anti-
body, DXS2 protein, or EP at 37°C in 5% CO2. After 2 weeks of culture, the
�� T cells were sorted by flow cytometry (FACSAria I; BD). The purified
cell population contained about 80% viable �� T cells.

Construction of transfected cells expressing �� TCR with predom-
inant pulmonary tuberculosis CDR3 sequence and healthy control
CDR3 sequence. A full-length �9 or �2 chain was amplified from PBMC
cDNA using specific primers containing KpnI and XhoI restriction sites.
The predominant pulmonary tuberculosis CDR3 sequence was inserted
into full-length �9 and �2 chains to substitute for the original CDR3
sequence using overlapping PCR. The full-length TCR chain was cloned
into pREP7 and pREP9 expression vectors with hygromycin and neomy-
cin resistance, respectively. Meanwhile, full-length pREP7-�9 and
pREP9-�2 chains with healthy control �9 and �2 CDR3 sequences were
also constructed in the same way and were used as healthy controls. The
J.RT3-T3.5 cells (1.2 � 107) were cotransfected with 20 �g of pREP7-�9
and pREP9-�2 by electroporation at 260 V and 975 mF using a Bio-Rad
Gene-Pulser. After 48 h, the transfected cells were cultured in selection

medium with hygromycin and neomycin for 4 weeks. The resulting cells
expressing surface �� TCR were evaluated by flow cytometry with fluo-
rescein isothiocyanate (FITC)-conjugated anti-human �9 (clone B3; BD)
and phycoerythrin (PE)-conjugated anti-human �2 (clone B6; BD)
monoclonal antibodies. The doubly positive cells were isolated by flow
sorting for further experiments (FACSAria I). Thus, we developed two
artificial cell lines expressing �� TCR with dominant pulmonary tubercu-
losis CDR3 sequences and healthy control CDR3 sequences; they are des-
ignated PT-transfected cells and HC-transfected cells, respectively.

Peptide synthesis, labeling, protein expression, and preparation of
H37Rv soluble extracts. The peptides were synthesized in the peptide
synthesis facility of the Academy of Military Medical Sciences, China. The
purity of synthesized peptides was more than 90% according to high-
performance liquid chromatography (HPLC) analysis. Half of the synthe-
sized peptides were labeled with biotin at their N-terminal ends. Purified
full-length 1-deoxy-D-xylulose 5-phosphate synthase (DXS2) amplified
from H37Rv genomic DNA by PCR was digested with KpnI and XhoI
enzymes and linked to prokaryotic expression plasmid pET30a. Freshly
transformed Escherichia coli BL21(DE3) cells harboring plasmid pET30a-
dxs2 were cultured in 500 ml of LB medium containing kanamycin at
37°C. When the optical density of the cell at 600 nm (OD600) reached 0.8
to 1.0, isopropyl-�-D-thiogalactopyranoside (IPTG; Sigma) was added to
a final concentration of 0.8 mM, and the bacteria were cultured for an-
other 3 h at 37°C. The culture medium was then harvested and centrifuged
at 5,000 � g for 15 min at 4°C. The inclusion body was dissolved in 8 M
urea and then purified with a HisTrap column (Amersham Biosciences).
The endotoxins were removed roughly using Triton X-114. The DXS2
protein molecular mass was 64 kDa and the purity was over 90% accord-
ing to the results of SDS-PAGE on 12% acrylamide gels. LC3 protein, an
autophagy detection marker used as the control protein, was obtained
using the same expression system. The H37Rv bacteria were heat inacti-
vated at 85°C for 20 min, and then the bacteria were subjected to 5 h of
sonication at room temperature in a water bath sonicator. The extracts
were then spun at 13,000 � g for 5 min and the supernatants collected.

Sequence of TCR V�9�2 gene from DXS2- and EP-expanded �� T
cells. To determine the amino acid sequence characteristics of CDR3 of
DXS2- and EP-expanded T cells, we cloned and sequenced TCRV�9�2
cDNA of DXS2- and EP-expanded T cells. Total RNA was harvested by
following the Qiagen RNeasy protocol. One microgram of total RNA was
then converted into cDNA using a reverse transcription system kit (Qia-
gen, Germany). Primer sequences complementary to upstream V regions
and downstream C regions were used to amplify CDR3 regions. The
primer sequences are from the report of Xu et al. (16), and in the current
study they are designated the following: TCR�9CDR3-up, 5=-AATGTAG
AGAAACAGGAC-3=; TCR�9CDR3-down, 5=-ATCTGTAATGATAAGC
TTT-3=; TCR�2CDR3-up, 5=-GCACCATCAGAGAGAGATGAAGGG-
3=; and TCR�2CDR3-down, 5=-AAACGGATGGTTTGGTATGAGGC-
3=. The purified PCR fragments were ligated into the pGEM-T Easy vector
(Invitrogen), and the resulting plasmids were transfected into DH5a-
competent Escherichia coli. The plasmid DNAs from the resulting clones
were sequenced using an ABI Prism 3700 Genetic Analyzer with the T7
primer and analyzed by using DNAman software.

Flow cytometry. For binding of TP1, TP2, and TP3 to cells, the trans-
fected cells or �� T cells were incubated with biotin-conjugated peptide at
4°C for 30 min. FITC-conjugated streptavidin (Pierce) was then added
and incubated for another 30 min. The percentage of �� T cells was mea-
sured 2 weeks later by fluorescence-activated cell sorting (FACS) using
FITC-�� TCR (clone WT31; BD) and PE-�� TCR. Flow cytometry was
performed using a FACSCantoII flow cytometer (BD), and data were
analyzed by using FlowJo software (Treestar, San Carlos, CA).

ELISA. For enzyme-linked immunosorbent assay (ELISA), different
doses of biotin-conjugated peptides and control peptide were cocultured
with HC-transfected cells, PT-transfected cells, and PT-transfected cells
blocked with functional �� TCR-blocking monoclonal antibody (10
mg/ml B1.1; eBioscience, San Diego, CA) at 37°C for 1 h. Horseradish
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peroxidase (HRP)-conjugated streptavidin was then added and incubated
for another 1 h. The absorbance value at 450 nm was used to determine the
binding of peptide to the cells. �� T cells secreted cytokines and chemo-
kines upon activation by DXS2 protein and EP were determined by ELISA
(RD) according to the manufacturer’s instructions.

CCK-8 assay. The proliferation of �� T cells was detected by the cell
counting kit-8 (CCK-8) assay (KeyGEN). After the �� T cells expanded by
peptide and protein were isolated by flow sorting, 1 � 105 cells per 100 ml
were inoculated into a 96-well plate, immobilized with different amounts
of peptide/protein, and incubated for 4 h. CCK-8 reagent (10 ml) was
added to each well, and the culture was continued for another 4 h. The
absorbance value at 450 nm of each well was measured using a microplate
reader (SpectraMax M5).

MTT assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) colorimetric test was used to evaluate the cytotoxic
effects of �� T cells on THP-1 cells infected with BCG in vitro. The BCG
strain was grown in Middlebrook 7H9 liquid medium (Invitrogen) with
10% albumin/dextrose-catalase (ADC) enrichment media (Sigma) sup-
plemented with 0.2% glycerol. THP-1 cells were infected with BCG strains
at a multiplicity of infection (MOI) of approximately 10 bacterial cells per
macrophage. The BCG-infected THP-1 cells were used as target cells and
seeded into 96-well plates at 104 cells per well. The �� T cells, which were
used as effector cells, were added to each well with ratios of effector cells to
target cells of 1:1, 2.5:1, and 5:1. After the effector cells and the target cells
were incubated at 37°C for 4 h, 15 ml of MTT solution (5 mg/ml) was
added to each well, and they were incubated at 37°C for an additional 4 h.
The reaction was stopped by the addition of 100 ml dimethyl sulfoxide to
dissolve the tetrazolium crystals. The plate was examined at 570 and 630
nm on a microplate reader (SpectraMax M5), and the percentage of spe-
cific lysis was calculated.

Real-time PCR. DXS2 protein and EP were precoated on microtiter
plates. �� T cells from pulmonary tuberculosis patients and healthy con-
trols were added. Cells were collected after 24 h, and total RNA was har-
vested by following the Qiagen RNeasy protocol. One microgram of total
RNA was then converted into cDNA using a reverse transcription system
kit (Qiagen, Germany). One �l of the resulting cDNA was used in real-
time PCR with Power Sybr green PCR master mix (Applied Biosystems).
The following primers were used: CCR2 sense, 5=-AACATGCTGTCCAC
ATCTCGTTCT-3=; CCR2 antisense, 5=-AACATGCTGTCCACATCTCG
TTCT-3=; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sense,
5=-TGGGCTACACTGAGCACCAG-3=; and GAPDH antisense, 5=-AAG
TGGTCGTTGAGGGCAAT-3=. The reaction was carried out on a
7900HT Fast Real-Time PCR machine (Life Technologies, CA), and the
result was analyzed with RQ manager software.

Bioinformatic analysis. Homologous analysis and sequence align-
ment were done using the BLAST program to determine matched protein
to TP1 and TP2. The NCBI protein BLAST program was selected for
bioinformatic analysis (http://www.ncbi.nlm.nih.gov/blast). The first
three matched proteins were listed. The online software HMMTOP (http:
//www.enzim.hu/hmmtop/) was used to analyze the transmembrane re-
gion of the unknown transmembrane protein (Rv2272).

Statistical analysis. Statistical comparisons were performed using the
Student t test. GraphPad Prism 5 (GraphPad software) was used to gen-
erate and perform statistical analyses on the data for cytokine secretion. A
P value of �0.05 was considered statistically significant.

RESULTS
Biopanning of �� TCR-recognized peptides using cells trans-
fected with the dominant pulmonary tuberculosis CDR3 se-
quence. Based on our previous findings (15), the specific CDR3
sequences CALWEVISELGKKIK and CACDTLVSTDKLIFGKG,
for �9 and �2, respectively, are dominant in pulmonary tubercu-
losis patients. Thus, we developed two artificial cell lines express-
ing �� TCRs from pulmonary tuberculosis patients, PT-trans-
fected cells and HC-transfected cells (Fig. 1; also see the
supplemental material). To identify the epitopes recognized by
PT-transfected cells, we performed �� TCR cell-mediated biopan-
ning of a 12-mer random peptide phage display library. The pep-
tides identified in this screen are listed in Table 1. Three promi-
nent peptides were selected as the �� TCR-recognized peptide
candidates based on their high appearance frequency. These three
peptides, designated TP1, TP2, and TP3, were then chemically
synthesized for further analysis.

Confirmation of the peptides capable of binding to PT-trans-
fected cells. Binding assays and blocking assays were performed to
determine whether the synthesized peptides bound specifically to
PT-transfected cells. Different doses of biotin-conjugated pep-
tides were cocultured with HC-transfected cells, PT-transfected
cells, and PT-transfected cells blocked with a functional �� TCR-
blocking monoclonal antibody. The results showed that TP1 and
TP2 specifically bound to the PT-transfected cells (Fig. 1A). The
binding specificity of both TP1 and TP2 to the PT-transfected cells
was further confirmed by flow-cytometric analysis (Fig. 1B). We
also examined IL-2 secretion after the transfected cells were stim-
ulated by the three putative peptides. All of the peptides stimu-
lated PT-transfected cells to secrete IL-2 in a dose-dependent
manner. Importantly, the IL-2 production by PT-transfected cells
stimulated by TP1 and TP2 was significantly blocked by the func-
tional �� TCR-blocking monoclonal antibody at some doses (Fig.
1C). Collectively, these data suggested that the binding of TP1 and
TP2 to PT-transfected cells was specific.

The artificial �� TCR-identified peptides TP1 and TP2
bound and activated �� T cells from pulmonary tuberculosis
patients in vitro. To investigate whether natural �� T cells could
recognize and become activated by the identified peptides, we in-
vestigated the binding capability of the peptides to �� T cells iso-
lated from pulmonary tuberculosis patients and healthy controls.
The capacity of these peptides to induce the natural �� T cell

FIG 1 Confirmation of peptides capable of binding to PT-transfected cells. (A) Peptide binding and blocking with the transfected cells. Data shown are the means
from three independent experiments. (B) Peptide binding and blocking assay by FACS. Graph 1 shows the binding percentage of control peptide and three
peptides with PT-transfected cells (control peptide, 3%; TP1, 20.6%; TP2, 16.4%; TP3, 10.2%). Graphs 2 to 4 show the binding percentage of TP1, TP2, and TP3
with PT-transfected cells or preblocked PT-transfected cells, respectively (TP1 block, 11.4%; TP2 block, 4.8%; TP3 block, 10%). Results are representative of
three independent experiments. (C) Peptide binding and blocking assay by detecting the production of IL-2. Data shown are the means from three independent
experiments.

TABLE 1 Amino acid sequences of 12 peptides

Phage clone no. Name Sequencea Frequency

2/7/9/13/20/21/22/23/28 TP1 GDFDTGHQTTTR 9/30
3/4/10/19/25/27 TP2 GLQAERTTAWTR 6/30
5/6/18/30 TP3 TLILAHAPSGFQ 4/30
1/8/11/15 TP4 AETVESCLAKSH 4/30
12/24/26 TP5 LPHGYKIQRWRS 3/30
14/29 TP6 HPETDASDDVDR 2/30
16 TP7 YPFDKHPVPSRP 1/30
17 TP8 GQSPHSYQPRTY 1/30
a The control peptide sequence was HGSQRPTRSYKI .
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proliferation was also assessed. The results showed that 33% of ��
T cells from pulmonary tuberculosis patients bound TP1 and 25%
of �� T cells from pulmonary tuberculosis patients bound TP2
compared to the binding with �� T cells from healthy controls
(Fig. 2A). In addition, TP1 and TP2 were shown to induce the
expansion of �� T cells in PBMC from pulmonary tuberculosis
patients to an average of 18 and 20%, respectively, which were
significantly higher than the 4% expansion of �� T cells in PBMC
from healthy controls after coculture for 2 weeks (Fig. 2B).

BLAST analysis. A protein BLAST search was performed to
identify mycobacterial proteins containing the peptides of TP1
and TP2. The results are listed in Table 2. Upon sequence analysis,
the peptide TP1 had the best matching characteristics to protein in
Mycobacterium, with an E value of 26.1. The matching protein of
TP1 was 1-deoxy-D-xylulose 5-phosphate synthase 2 (DXS2) in
M. tuberculosis TB 02_1987, M. tuberculosis TB T46, and M. tuber-
culosis TB 98-R604. The peptide TP2 had the best matching char-
acteristics to a protein in Mycobacterium, with an E value of 37.5.

FIG 2 Artificial �� TCR identified peptides of TP1- and TP2-bound and activated �� T cells from pulmonary tuberculosis patients in vitro. (A) TP1- and
TP2-bound �� T cells from pulmonary tuberculosis patients in vitro. The cells were incubated with biotin-conjugated peptide or control peptide and FITC-
conjugated streptavidin and then were subjected to FACS analysis. Results are representative of three independent experiments. (B) Immobilized TP1 and TP2
were able to induce expansion of �� T cells from pulmonary tuberculosis patients. PBMC from pulmonary tuberculosis patients and healthy controls were
cultured in 24-well plates with immobilized TP1, TP2, and TP3 in RPMI 1640 medium with 10% fetal bovine serum and IL-2. The percentage of �� T cells was
measured 2 weeks later by FACS using FITC-�� TCR (clone WT31; BD) and PE-�� TCR (clone 11F2; BD). Results are representative of three independent
experiments.
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The matching protein of TP2 was the transmembrane protein
Rv2272 in M. tuberculosis H37Rv.

The identified peptide TP1, matched to mycobacterium pro-
tein DXS2, bound and activated �� T cells in vitro. We examined
the binding of DXS2 protein to transfected �� T cells as well as its
ability to activate natural �� T cells. We expressed the full-length
DXS2 protein with a His tag in E. coli. The purity of the DXS2
protein was determined by SDS-PAGE (Fig. 3A) and confirmed by
Western blotting with an anti-His tag monoclonal antibody
(Fig. 3B). Production of IL-2 in the medium of PT-transfected
cells was enhanced in a dose-dependent manner after stimulation
with DXS2 protein (Fig. 3C). Furthermore, addition of DXS2 pro-
tein induced expansion of �� T cells in PBMC from pulmonary
tuberculosis patients to an average of 20% after coculture for 2
weeks, which was significantly higher than the 8% expansion of ��
T cells in PBMC from healthy controls (Fig. 3D). The TCR of the
�� T cells expanded by DXS2 was V�9�2 (see Fig. S2 in the sup-

plemental material). The predominant sequence contained the
original predominant CDR3 sequence from pulmonary tubercu-
losis patients (see Table S1 and S2). The proliferation of �� T cells
stimulated by DXS2 protein was also confirmed by the CCK-8
assay (Fig. 3E). Together, these data demonstrated that DXS2 pro-
tein bound to the �� TCR and activated �� T cells from pulmo-
nary tuberculosis patients.

The extracellular region of the identified peptide TP2,
matched with mycobacterium protein Rv2272, bound and acti-
vated �� T cells in vitro. TP2 was the best match to Rv2272, but
because of the high GC content, we were unable to express the
full-length protein. In order to explore its function, we predicted
the transmembrane region by using the online software
HMMTOP (http://www.enzim.hu/hmmtop/), and every region
of Rv2272 was synthesized. The prediction results are shown in
Fig. 4A. The extramembrane, intramembrane, and transmem-
brane region peptides were designated EP (10 amino acids [aa]),

TABLE 2 BLAST analysis of candidate peptide

No. Reference Protein Species E value Matching part

TP1 ZP_06506579.1 1-Deoxy-d-xylulose 5-phosphate synthase dxs2 M. tuberculosis 02_1987 26.1 ––FDTGHQT–––
TP1 ZP_05770037.1 1-Deoxy-d-xylulose 5-phosphate synthase dxs2 M. tuberculosis T46 26.1 ––FDTGHQT–––
TP1 ZP_05142929.1 1-Deoxy-d-xylulose 5-phosphate synthase dxs2 M. tuberculosis 98-R604 INH-RIF-EM 26.1 ––FDTGHQT–––
TP2 ZP_05773066.1 Hypothetical protein MtubK8_14869 M. tuberculosis K85 37.5 GLQAERTTAWTR
TP2 ZP_04925745.1 Hypothetical protein TBCG_02219 M. tuberculosis C 37.5 GLQAERTTAWTR
TP2 NP_216789.1 Transmembrane protein M. tuberculosis H37Rv 37.5 GLQAERTTAWTR

FIG 3 DXS2 protein bound and activated �� T cells in vitro. (A) The expression of DXS2 protein in E. coli was confirmed by 12% SDS-PAGE. (B) The expression
of DXS2 protein was further confirmed by Western blotting using anti-His tag antibody. (C) DXS2 protein stimulated the PT-transfected cells to produce IL-2
in a dose-dependent manner. LC3 protein, an autophagy detection marker, was used as the control protein. The double asterisks denote significant differences
(P � 0.01). Data are shown as the means from three independent experiments. (D) DXS2 protein induced the expansion of �� T cells from pulmonary
tuberculosis patients. The percentage of �� T cells was measured 2 weeks later by FACS using FITC-�� TCR (clone WT31; BD) and PE-�� TCR (clone 11F2; BD).
Results are representative of three independent experiments. (E) Detection of �� T cell proliferation induced by DXS2 with CCK-8 assay. The single asterisk
denotes significant difference (P � 0.05). Data shown are the means from three independent experiments.
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IP1 (19 aa), IP2 (20 aa), TMP1 (19 aa), TMP2 (19 aa), and TMP3
(17 aa). The results showed that EP and IP1 stimulated PT-trans-
fected cells to secrete IL-2 in a dose-dependent manner (Fig. 4B).
EP also induced the expansion of �� T cells in PBMC from pul-
monary tuberculosis patients to an average of 18% after coculture
for 2 weeks, which is significantly higher than the 2% expansion of
�� T cells in PBMC from healthy controls (Fig. 4C). The prolifer-
ation of �� T cells stimulated by EP was further confirmed by the
CCK-8 assay (Fig. 4D). The TCR of EP-expanded �� T cells also
was V�9�2 (data not shown). The predominant sequence con-
tained the original predominant CDR3 sequence in pulmonary
tuberculosis patients (see Table S3 and S4 in the supplemental
material). Taken together, these data demonstrated that the EP
bound to �� TCR and activated �� T cells from pulmonary tuber-
culosis patients.

The effector function of �� T cells from pulmonary tubercu-
losis patients induced by DXS2 and EP. To investigate the im-
mune function of DXS2- and EP-activated �� T cells, we evaluated
cytokine production, cytotoxicity, and chemotaxis. The results
showed that the production of gamma interferon (IFN-�) by �� T
cells from 20 pulmonary tuberculosis patients induced by DXS2
and EP was higher than that by �� T cells from healthy controls
(Fig. 5A). Furthermore, DXS2 protein-activated �� T cells were
shown to lyse BCG-infected THP-1 cells (Fig. 5B), but EP-acti-
vated �� T cells did not show a similar effect. It was also found that
the production of CCL-2 (MCP-1) by �� T cells from 20 pulmo-
nary tuberculosis patients induced by DXS2 and EP was also
higher than that produced by �� T cells from healthy controls (Fig.
5C). As MCP-1 binds to and activates leukocytes preferentially
through interaction with CCR2, we examined the CCR2 expres-

sion on DXS2- and EP-stimulated �� T cells from TB patients and
healthy control subjects. We found that DXS2 protein signifi-
cantly increased the expression of CCR2 on �� T cells from TB
patients compared to that expressed by �� T cells from healthy
subjects (Fig. 5D). Although the effect of EP on CCR2 expression
was not as significant as that of DXS2, a trend of increased CCR2
expression on �� T cells from TB patients was still apparent com-
pared to that of healthy subjects. Collectively, these results sug-
gested that �� T cells activated by DXS2 protein and EP perform
the function against M. tuberculosis through enhancing Th1 im-
mune responses and/or cytolytic lymphocyte (CTL) activity and
chemotaxis toward the site of infection.

DISCUSSION

In this study, we identified one mycobacterium protein, DXS2,
and one peptide, EP, recognized by �� T cells. Both DXS2 and EP
bound to the �� TCR with the predominant pulmonary tubercu-
losis CDR3 sequence expressed by transfected cells and stimulated
the expansion of �� T cells from pulmonary tuberculosis patients.
Furthermore, DXS2 protein and EP stimulated the production of
IFN-� and monocyte chemoattractant protein 1 (MCP-1) by �� T
cells from most pulmonary tuberculosis patients.

The known ligands for �� T cells include nonpeptidic phos-
phoantigens, smaller peptides, major histocompatibility complex
(MHC)-like molecules, and MHC-unrelated protein antigens.
The diversity of these ligands likely precludes a single recognition
mechanism akin to that of MHC-restricted �� T cells. There has
been accumulating evidence that phosphoantigens are presented
on the surface of �� T cells for recognition (17, 18). The recogni-
tion depends on all CDRs, including CDR1, CDR2, and CDR3

FIG 4 Extracellular region of Rv2272 bound and activated �� T cells in vitro. (A) The predicted transmembrane region of Rv2272. (B) The IL-2 production of
PT-transfected cells stimulated by every region of Rv2272. EP and IP1 could stimulate PT-transfected cells to produce IL-2 in a dose-dependent manner. The
single asterisk denotes significant differences (P � 0.05). The double asterisks denote significant differences (P � 0.01). Data are the means from three
independent experiments. (C) EP of Rv2272 induced the expansion of �� T cells from pulmonary tuberculosis patients. The percentage of �� T cells was
measured 2 weeks later by FACS using FITC-�� TCR (clone WT31; BD) and PE-�� TCR (clone 11F2; BD). The percentage of �� T cells is shown in the form of
a histogram. Data are shown as the mean percentages of �� T cells 	 standard deviations from two independent experiments. (D) Detection of �� T cell
proliferation induced by EP with CCK-8 assay. Data are the means from three independent experiments.
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(19). For small-peptide and MHC-like molecules, �� TCR could
directly recognize them without the help of the antigen-present-
ing cells (APCs) (20, 21). The crystallographic structure of �� TCR
showed that CDR3� might be in direct contact with peptide and
MHC-like protein and served as a key determinant for the speci-
ficity of antigen recognition (22, 23). Our results regarding EP also
indirectly proved the abovementioned recognition characteris-
tics, as the EP was screened by using the �� TCR-transfected cells
containing the preponderant CDR3 sequence (CACDTLVSTDK
LIFGKG) in pulmonary tuberculosis patients (15). Furthermore,
the �� T cells from pulmonary tuberculosis patients expanded by
EP were confirmed to contain this preponderant CDR3 sequence
(see Table S4, asterisk, in the supplemental material), demonstrat-
ing EP-expanded �� T cell recognition dependent on this CDR3.
An in-depth study is necessary to determine if direct contact exists
between CDR3� and EP. Recently, MHC-unrelated protein anti-
gens recognized by �� T cells have been identified, such as herpes
simplex virus 1-glycoprotein I (24), heat shock proteins (25), F1-
ATPase (26), and MHS-2 (27). He et al. demonstrated that the
recognition of �� T cells by MHS-2 depended on the �� TCR and
another activating receptor, NKG2D (28, 29). DXS2 protein is also
a protein that is unrelated to MHC. To explore the relative con-
tribution of �� TCR and NKG2D in DXS2-induced activation of
�� T cells, the IFN-� production of DXS2-activated �� T cells was
detected (see Fig. S3 in the supplemental material). We found that
the �� TCR-blocking antibody and a chemical inhibitor of ��
TCR (cyclosporine) caused a large reduction (60 to 70% inhibi-
tion) in IFN-� production in DXS2-stimulated V�9�2 cells.

NKG2D blocking antibody and a chemical inhibitor of the
NKG2D pathway (Wortmannin) have no blocking effect. In ad-
dition, like EP, �� T cells from pulmonary tuberculosis patients
expanded by DXS2 protein also contain original, preponderant
CDR3 sequence (see Table S2, asterisk), suggesting that the acti-
vation of �� TCR by DXS2 is �� TCR dependent but not NKG2D
dependent. Other activating receptors, such as Toll-like receptors
(TLRs), CD16, CD266, and CD28, also may provide costimulator
signals for �� T cell activation by different non-MHC protein
ligands (30). Whether these receptors also contribute to the rec-
ognition of DXS2 by �� TCR is worth further investigation.

The major immunological effector functions of �� T cells in
response to M. tuberculosis are mediated mainly through secreted
cytokines, effector CTL, and chemotaxis. Numerous studies have
demonstrated that �� T cells produce cytokines that function
against tuberculosis infection, such as those categorized as T
helper type 1 (Th1), Th2, Th17, or T-regulatory (IL-10)-type cy-
tokines (31–33). Among these, IFN-� is a key cytokine in the con-
trol of M. tuberculosis infection, and it activates further effector
cells and cytotoxic T cells that are responsible for lysis or inhibi-
tion of M. tuberculosis (34, 35). Tumor necrosis factor alpha
(TNF-�) induces a large number of immune cells to migrate to-
ward an infection site and plays an important role in preventing
the spread of M. tuberculosis outside the surrounding infection site
(36). TNF-� also enhances immune cell migration and position-
ing in the presence of M. tuberculosis and influences the expression
of adhesion molecules which facilitate the formation of nodular
tuberculosis (37). The Th2 cytokine IL-4 can impair bactericidal

FIG 5 Effector function of �� T cells induced by DXS2 and EP from pulmonary tuberculosis patients. (A) Immobilized DXS2 and EP were precoated on
microtiter plates. �� T cells from 20 pulmonary tuberculosis patients and 10 healthy controls were incubated. Supernatants collected after 48 h were measured
for IFN-� secretion. Data are shown as the means from three independent experiments. The single asterisk denotes significant difference at P � 0.05. The double
asterisks denote significant difference at P � 0.01. (B) The cytotoxicity of �� T cells induced by DXS2 to THP-1 infected with BCG. After sorting and culturing
the �� T cells from pulmonary tuberculosis patients inoculated with EP and DXS2, an MTT test was used to evaluate the cytotoxicity activities of �� T cells to
THP-1 cells infected with BCG in vitro. Data are the means from three independent experiments. (C) Immobilized DXS2 and EP were precoated on microtiter
plates. �� T cells from 20 pulmonary tuberculosis patients and 10 healthy controls were incubated. Supernatants collected after 48 h were measured for MCP-1
secretion. Data are the means from three independent experiments. (D) Immobilized DXS2 and EP were precoated on microtiter plates. �� T cells from a mix
of pulmonary tuberculosis patients and healthy controls were incubated. Cells were collected after 24 h, and real-time PCR was performed to detect the
production of CCR2. Data are shown as the means from three independent experiments.
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activity and lead to toxicity of TNF-� and to pulmonary fibrosis
(38). IL-10 has been associated with suppressive immunity, and
overproduction of IL-10 increases susceptibility to mycobacterial
infection (39). IL-10 has also been reported to inhibit prolifera-
tion and IL-2 production by activated T cells by downregulating
the MHC molecules (40). IL-17-producing �� T cells may be in-
volved in immunity to M. tuberculosis infection or the pathologi-
cal course of pulmonary tuberculosis (41). Our results demon-
strated that IFN-� production by �� T cells from pulmonary
tuberculosis patients was induced by DXS2, and the EP level was
significantly higher than that produced by �� T cells from healthy
controls (Fig. 5A), although there were no significant differences
in the production of other cytokines between pulmonary tuber-
culosis patients and healthy controls (data not shown). Thus,
DXS2- and EP-stimulated V�9V�2 T cells have potential as Th1-
biasing adjuvants for immunotherapy of pulmonary tuberculosis.

We then determined the cytotoxicity of �� T cells activated by
DXS2 protein and EP against M. tuberculosis. It was found that the
�� T cells expanded by DXS2 protein exerted cytotoxic effects on
THP-1 cells infected with BCG (Fig. 5B), although EP-activated
�� T cells did not exert cytotoxic effects. Poccia et al. (42) reported
that the cytokines participating in the cytotoxic effector function
of �� T cells against tuberculosis infection were IFN-�, IL-12, and
TNF-�. Although no significant differences were found in IL-12
and TNF-� production by �� T cells from pulmonary tuberculosis
patients and healthy controls, the IFN-� produced by DXS2 pro-
tein-activated �� T cells was much higher than that produced by
EP-activated �� T cells from pulmonary tuberculosis (Fig. 5A).
This might, to some extent, account for the lack of cytotoxic ac-
tivity against BCG-infected THP-1 cells exhibited by EP-activated
�� T cells despite the functional activity exhibited by DXS2-acti-
vated �� T cells. This discrepancy in the activity exhibited by the
two types of activated �� T cells may be accounted for by EP being
a short peptide that has fewer antigen recognition sites, leading to
lower cytolytic capacity of EP-activated �� T cells compared to
that of cells activated by DXS2 protein (Fig. 3B and 4B). However,
only 20 pulmonary tuberculosis patients were recruited into this
study, and further investigations conducted with larger sample
sizes are required to verify these hypotheses.

Finally, we investigated chemokine production by �� T cells
activated by DXS2 protein and EP. In this study, it was found that
the production of MCP-1 by �� T cells from 20 pulmonary tuber-
culosis patients stimulated with DXS2 and EP was higher than that
by �� T cells from healthy controls. MCP-1 has potent chemotac-
tic and activating properties for monocytes, macrophages, den-
dritic cells, and CD4
 T cells. Most significantly, MCP-1 was con-
sistently associated with severe disease (43) and thus is implicated
as a novel tuberculosis biomarker. However, we found no corre-
lation between MCP-1 production by �� T cells and the severity of
pulmonary tuberculosis among the 20 pulmonary tuberculosis
patients included in this study. The further investigations con-
ducted with larger sample sizes are required to evaluate MCP-1 as
a tuberculosis biomarker.

MCP-1 binds to and activates leukocytes preferentially
through CCR2 (44, 45). Our results confirmed that CCR2 was
expressed on �� T cells induced by DXS2 protein. Although the
effect of EP on CCR2 expression was not as significant as that
observed in response to DXS2, a trend of increased CCR2 expres-
sion by �� T cells from TB patients was observed compared to
expression by �� T cells from healthy subjects. This finding indi-

cated that �� T cells respond to M. tuberculosis protein antigen by
rapidly releasing high levels of chemokines involved in multitype
immune cell recruitment and activation. This adds further sup-
port to the hypothesis that �� T cells are specialized to form part of
the early response to infectious agents through the rapid secretion
of proinflammatory cytokines and chemokines.

In conclusion, in this study, a mycobacterial protein and pep-
tide recognized by �� T cells were identified. The activated �� T
cells exhibited cytolytic effector function against BCG-infected
cells and played a role in the recruitment and activation of other
immune cells involved in antimycobacterium responses. Our
findings add to our understanding of the mechanism by which ��
TCR recognizes protein antigens and represent the basis of re-
search into the screening and development of new antituberculo-
sis vaccines or adjuvants.
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