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Identification of Mycobacterium tuberculosis proteins that can provide immunological protection against
tuberculosis is essential for the development of a more effective vaccine. To identify new vaccine targets, we
have used immunoaffinity chromatography to isolate class I HLA-A*0201-peptide complexes from M. tubercu-
losis-infected cells and sequenced the isolated peptides by mass spectrometry. From this material, we have
identified three peptides derived from a single M. tuberculosis protein that is encoded by the M. tuberculosis
Rv0341 gene. Although no known protein encoded by the Rv0341 gene has been described, it is predicted to give
rise to a 479-amino-acid protein with a molecular mass of 43.9 kDa. The three peptides identified are all nested
and were found to be antigenic, in that they were capable of inducing peptide-specific, CD8� T cells from
healthy blood donors in vitro and capable of recognizing and lysing M. tuberculosis-infected dendritic cells. This
methodology provides a powerful tool for the identification of M. tuberculosis proteins that can be evaluated as
potential vaccine candidates.

While it has been estimated that one-third of the world’s
population is infected with Mycobacterium tuberculosis, the
causative agent of tuberculosis, only 10% of the people in this
group will develop active disease during their lifetimes (40).
The remainder of the infected population harbors M. tubercu-
losis in a latent form, and reactivation of infection occurs
sporadically. The current live attenuated vaccine, bacillus
Calmette-Guérin (BCG), has been shown to have variable and
limited efficacy against adult pulmonary tuberculosis (20), and
the tuberculin skin test, measuring BCG-induced immunity,
does not correlate with the partial protection induced by BCG
vaccination (8). With the increasing threat that M. tuberculosis
presents to the world population due to the worldwide human
immunodeficiency virus epidemic and the development of mul-
tidrug-resistant strains of M. tuberculosis, the focus of much
research is on the development of a new tuberculosis vaccine.

The cellular arm of the immune response has been estab-
lished as an essential component in the control of tuberculosis
infection and the development of a protective immune re-
sponse against M. tuberculosis with evidence for active roles by
both CD4� and CD8� T cells (3, 5, 10, 21, 36, 37). Antigen
recognition by these T cells requires a complex series of events
in which antigen is processed and transported to specific cel-
lular compartments, where it associates with either class I or
class II major histocompatibility complex (MHC) molecules.
These peptide-MHC complexes are transported to the cells

surface, where they are available for recognition by antigen-
specific T cells (17, 23, 53). More recently, an MHC-indepen-
dent pathway for antigen presentation, in which hydrophobic
nonpeptides associate with CD1 molecules, has been described
(6, 39, 43). While CD1-restricted T cells specific for lipid and
glycolipid components of mycobacterial cell walls have been
described, a role for these T cells in the M. tuberculosis immune
response is still being investigated.

Identification and evaluation of the immune response
against defined M. tuberculosis antigens are paramount to the
development of a new and more efficacious vaccine. To this
end, multiple approaches have been used, with various levels of
success, to identify M. tuberculosis proteins and peptides de-
rived from these proteins that may be useful in the formulation
of a new vaccine. Early studies described the biochemical frac-
tionation and purification of M. tuberculosis secreted proteins
from immunologically active culture filtrates (4, 35). This ap-
proach has resulted in the identification of a number of pro-
teins, such as the antigen 85 complex (26), ESAT-6 (early
secretary antigen target 6) (45), CFP-10 (culture filtrate pro-
tein 10) (7), and Mtb39 (18), which are currently being inves-
tigated as potential vaccine candidates. Molecular approaches
have also been applied to the identification of immunologically
reactive M. tuberculosis proteins. Expression cloning, in which
M. tuberculosis-specific CD4� T cells were used to screen an M.
tuberculosis genomic library expressed in Escherichia coli, has
led to the identification of a family of highly related M. tuber-
culosis antigens (2). More recently, the use of computer algo-
rithms designed to predict class I binding peptides has led to
the identification of CD8� T-cell epitopes in known immuno-
logically reactive M. tuberculosis proteins such as the 19-kDa
lipoprotein (34), ESAT-6 (35), and Ag85B (22). This approach
has also been used to screen M. tuberculosis protein sequences
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from the GenBank database and has resulted in the identifi-
cation of new M. tuberculosis target proteins (14).

An alternative approach described here is direct identifica-
tion of M. tuberculosis peptides that have been processed by the
cell and presented on the cell surface in association with class
I and class II MHC molecules. These peptides represent nat-
urally processed epitopes presented in a form that is readily
recognizable by the immune system. One advantage to this
approach is that a list of M. tuberculosis vaccine candidates can
be generated without the isolation and characterization of M.
tuberculosis-specific T cells. In addition, computer HLA motif
algorithms often result in the identification of a large numbers
of potential HLA binding peptides with little or no binding
affinity, this approach limits the analysis to known HLA-asso-
ciated peptides.

Using this approach, we have sequenced a number of HLA-
A*0201-associated peptides derived from M. tuberculosis-en-
coded proteins. In this report, we describe the identification of
three naturally occurring M. tuberculosis peptides from the
Rv0341 gene product. All three peptides were found to be
antigenic in that they were capable of inducing the generation
of peptide-specific cytotoxic T lymphocytes (CTL) from the
peripheral blood of healthy blood donors and were capable of
recognizing and lysing M. tuberculosis-infected dendritic cells
(DC).

MATERIALS AND METHODS

Cell lines and bacterial cultures. U937/A2 is a variant of the U937 histiocytic
lymphoma cell line transfected with the gene encoding the HLA-A*0201 mole-
cule (52). HLA-A*0201�, TAP-deficient T2 (174xCEM.T2) cells were used as
target cells in 51Cr release assays. Cell lines were maintained in RPMI 1640
medium containing 2 mM L-glutamine, 50 U of penicillin per ml, 50 �g of
streptomycin per ml, and 10 mM HEPES (complete RPMI medium) and sup-
plemented with 5% fetal bovine serum (FBS). M. tuberculosis strain H37Ra was
obtained from the American Type Culture Collection (Manassas, Va.) and
grown in 7H9 broth (Difco) supplemented with 10% ADC enrichment medium
(Difco), 2% glycerol, and 0.005% Tween 20.

Infection with M. tuberculosis. U937/A2 cells were expanded in 1-liter spinner
bottles in complete RPMI medium with 5% FBS and 300 �g of G418 per ml.
U937/A2 cells were pretreated with 20 ng of phorbol myristate acetate (PMA;
Calbiochem) per ml for 24 h prior to infection. Aliquots of M. tuberculosis were
thawed from �80°C, sonicated for 2 min to dissociate bacterial material, and
incubated with 5% human serum for 1 h at 37°C. M. tuberculosis was then added
to 109 U937/A2 cells at a multiplicity of infection of 5 in a final volume of 100 ml.
After 3 h of incubation, the cells were adjusted to 106/ml and incubated in
spinner bottles for an additional 18 to 20 h. The level of infection, determined by
auramine staining, was 26 to 32%.

Immunoaffinity purification of HLA-A2 molecules and associated peptides.
H37Ra-infected and uninfected U937/A2 cells were washed twice in phosphate-
buffered saline and stored as cell pellets at �80°C. Cell pellets consisting of
either 3 � 1010 infected or 5 � 1010 uninfected cells were solubilized, peptide
class I complexes were isolated, and peptides were purified as previously de-
scribed (25). Briefly, the cell pellets were solubilized at 106 cells/ml in 20 mM Tris
(pH 8.0)–150 mM NaCl–1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate (CHAPS)–5 �g of aprotinin per ml–10 �g of leupeptin per ml–10
�g of pepstatin A per ml–5 nM EDTA–0.2% sodium azide–17.4 �g of phenyl-
methylsulfonyl fluoride per ml for 1 h at 4°C. The lysates were centrifuged at
100,000 � g, the pellets were discarded, and the supernatant was passed through
a 0.22-�m-pore-size filter. The supernatant was then passed over a series of
recombinant protein A-Sepharose columns. First, a precolumn of cyanogen
bromide-activated Sepharose 4B was used. This was followed by a protein A-
Sepharose immunoaffinity column conjugated to anti-HLA-A2.1 monoclonal
antibody (MAb) BB7.2 to isolate the HLA-A*0201-peptide complexes. All re-
maining class I-peptide complexes were isolated on protein A-Sepharose col-
umns conjugated with anti-pan class I MAb W6/32. After a series of wash steps,
peptides were eluted from the MAb columns with 10% acetic acid and boiled for

5 min to further dissociate any bound peptide from the class I heavy chain. The
peptides were then separated from the copurifying heavy chains and �2-micro-
globulin by centrifugation on an Ultra-CL membrane with a nominal 5,000-Mr

cutoff (Millipore, Bedford, Mass.). The resulting peptide was concentrated in a
Speedvac to 50-�l aliquots.

Liquid chromatography-tandem mass spectrometry (LC/MS/MS) on a quad-
rupole ion trap mass spectrometer. An aliquot corresponding to approximately
2 � 108 cell equivalents of the peptides from M. tuberculosis-infected U937/A2
cells was loaded onto a reverse-phase C18 microcapillary high-performance liq-
uid chromatography (HPLC) column and gradient (A � 0.1 M acetic acid in
H2O, B � 70% acetonitrile–0.1 M acetic acid in H2O, 0 to 60% B in 200 min, 60
to 100% B in 20 min) eluted directly into a Finnigan LCQ DECA quadrupole ion
trap mass spectrometer (ThermoFinnigan, San Jose, Calif.). The instrument was
operated in a data-dependent fashion, in which acquisition of a full-scan mass
spectrum (300 � m/z � 2,000) was followed by collision-activated dissociation
analysis of the five most abundant ions. Each cycle (MS scan followed by five
MS/MS scans) was performed in approximately 14 s, and cycles were repeated
continuously for the 3-h duration of peptide elution. MS/MS spectra were
searched by using the SEQUEST algorithm against proteins predicted from the
M. tuberculosis genome (The Sanger Centre [http://www.sanger.ac.uk/]) and
against the nonredundant protein database maintained at the National Center
for Biotechnology Information.

LC/MS on an FTMS. For each analysis, an aliquot corresponding to approx-
imately 2 � 107 cell equivalents was loaded onto a reverse-phase C18 microcap-
illary HPLC column and gradient (A � 0.1 M acetic acid in H2O, B � 70%
acetonitrile–0.1 M acetic acid in H2O, 0 to 60% B in 40 min, 60 to 100% B in 10
min) eluted directly into a home-built Fourier-transformed mass spectrometer
(FTMS) (31). Full-scan mass spectra (350 � m/z � 5,000) were acquired ap-
proximately every 1.1 s. LC/MS data from each sample were searched manually
for masses corresponding to M. tuberculosis-derived peptides identified in the
LC/MS/MS analysis of the M. tuberculosis-infected sample.

Peptide synthesis. Peptides used for MS analysis were synthesized by standard
9-fluorenylmethoxy carbonyl chemistry with a Gilson AMS422 peptide synthe-
sizer. Peptides used for CTL generation and antigenic analysis (Rv034133-42,
GLIDIAPHQI; Rv034133-44, GLIDIAPHQISS; Rv034133-45, GLIDIA
PHQISSV) were purchased in bulk from Research Genetics, Huntsville, Ala.

HLA-A*0201 binding assay. The binding affinities of M. tuberculosis peptides
for the HLA-A*0201 class I molecule were demonstrated by measuring their
ability to inhibit the binding of a radiolabeled standard peptide to purified
HLA-A*0201. Affinity-purified HLA-A*0201 molecules were incubated at room
temperature with the iodinated indicator peptide FLPSDY*FPSV and graded
concentrations of the different M. tuberculosis peptides in phosphate-buffered
saline, pH 7, containing 0.05% NP-40, 1 �g of �2-microglobulin per ml, 1 mM
phenylmethylsulfonyl fluoride, 1.3 mM 1,10-phenanthroline, 73 �M pepstatin A,
8 mM EDTA, and 200 �M N�-p-tosyl-L-lysine chloromethyl ketone (TLCK).
After 48 h, class I-peptide complexes were separated from free peptide by gel
filtration and the dose of each individual test peptide that reduced the binding of
the indicator peptide by 50% (IC50) was calculated.

Generation of DC. Peripheral blood was obtained from healthy, HLA-A2�

blood donors, and peripheral blood mononuclear cells (PBMC) were isolated by
centrifugation over Ficoll-Hypaque. PBMC were resuspended in complete
RPMI medium with 10% FBS, and 108 PBMC were plated in T-75 flasks. After
a 2-h incubation at 37°C, nonadherent cells were removed and adherent cells
were cultured in complete RPMI medium with 10% FBS supplemented with 50
ng of granulocyte-macrophage colony-stimulating factor per ml and 100 ng of
interleukin-4 (IL-4; Peprotech, Rocky Hill, N.J.) per ml for 7 days.

Induction of peptide-specific, CD8� CTL lines. PBMC isolated from healthy,
HLA-A2� blood donors were used as starting material for the in vitro generation
of peptide-specific CTL lines. Donors were HLA typed serologically, and no
subtyping was performed. CD8� T cells were isolated with immunomagnetic
beads (Miltenyi Biotec) in accordance with the manufacturer’s instructions. DC
were irradiated (5,000 rads) and pulsed with 40 �g of peptide per ml and 3 �g of
�2-microglobulin per ml for 2 to 4 h. CD8� T cells were cocultured with DC at
a ratio of 20 CD8� T cells to 1 DC in complete RPMI medium supplemented
with 10% FBS and 10 ng of recombinant human IL-7 (Peprotech) per ml in
24-well plates at 2 � 106 CD8� T cells/well. After 7 days, CTL were harvested
and restimulated with DC pulsed with 20 �g of peptide per ml and 3 �g of
�2-microglobulin per ml. Recombinant human IL-2 (15 U/ml; Chiron, Em-
eryville, Calif.) was added to cultures every 3 to 4 days. The peptide concentra-
tion used to pulse DC was reduced to 10 �g/ml for subsequent rounds of
restimulation. After three or four rounds of restimulation, cultures were tested
for cytotoxic activity. A minimum of two CTL lines were generated against each
peptide.
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Cytotoxicity assays. Recognition of M. tuberculosis antigens by peptide-specific
CTL was measured in a standard 51Cr release assay. T2 cells were labeled with
150 �Ci of Na51CrO4 overnight at 37°C before being pulsed with 1 �g of peptide
per ml for 2 h at 37°C. Washed target cells (2 � 103) and effector CTL were
cocultured at various effector-to-target cell ratios in V-bottom microtiter plates
in a final volume of 200 �l of complete RPMI medium supplemented with 5%
FCS. The assay plates were centrifuged for 2 min at 200 � g and then incubated
at 37°C.

After 4 to 5 h of incubation, 125 �l of supernatant was removed from each well
and the amount of 51Cr released from the target cells was measured in a gamma
counter (ICN Micromedic, Huntington, Ala.). Maximum release from 51Cr-
labeled target cells was determined in the presence of 2% Triton X-100, and
spontaneous release was obtained in the presence of medium alone. The per-
centage of specific 51Cr release was calculated as follows: % 51Cr release �
[(Experimental release � Spontaneous release)/(Maximal release � Spontane-
ous release)] � 100. All assays were repeated a minimum of three times in
triplicate.

Infection of DC with M. tuberculosis. Immature DC were generated from
PBMC as described above. On day 6, DC were infected with M. tuberculosis at a
multiplicity of infection of 10. Infected DC were labeled with 150 �Ci of
Na51CrO4 overnight at 37°C and used as target cells 24 h postinfection.

RESULTS

Identification of M. tuberculosis-derived MHC class I-asso-
ciated peptides. Aliquots of the peptides purified from the
BB7.2 and W6/32 antibody columns were analyzed by LC/
MS/MS on an LCQ DECA quadrupole ion trap mass spec-
trometer. Approximately 5,000 MS/MS spectra were acquired
during each LC/MS/MS analysis. Use of these spectra to search
the Sanger Centre M. tuberculosis predicted protein database

yielded three peptides from the same hypothetical protein
(Rv034133-42, Rv034133-44, and Rv034133-45) (Fig. 1). After syn-
thesis of the peptides, several femtomoles of each peptide was
spiked into an aliquot of the M. tuberculosis-infected sample
and the aliquot was analyzed on the LCQ ion trap mass spec-
trometer. Coelution of the synthetic peptides with the naturally
occurring peptides identified in the sample confirmed the iden-
tification of the endogenous peptides.

Semiquantitative analysis of differentially expressed M. tu-
berculosis-derived MHC class I-associated peptides. The pep-
tide samples were further analyzed by LC/MS on a home-built
FTMS to confirm the differential presentation of the M. tuber-
culosis-derived peptides. The high duty cycle (	99%), mass
accuracy, and sensitivity (low-attomole detection limit) of this
instrument provided a more comprehensive analysis of the
sample than did LC/MS/MS analysis (31). A search of the
FTMS data confirmed the presence of these three peptides in
the M. tuberculosis-infected sample and the absence of these
peptides in the uninfected sample (based on accurate mass and
coeluting peaks). The data for one of the three peptides are
shown in Fig. 2. Note that all of the peaks in the infected
sample are also present in the uninfected sample, with the
exception of the Rv034133-45 peptide. The FTMS data are
semiquantitative, allowing estimation of the copy number of
each peptide. Based on these data, each of the three peptides
was present in the sample at approximately the same level, 50
to 100 copies/cell.

Determination of peptide-MHC class I binding affinity. The
peptide binding affinity of class I antigens has been shown to be
a critical factor in the in vitro induction of CTL with synthetic
peptides (50). Before an attempt was made to generate CTL to
the newly identified peptides, the binding affinities of three M.
tuberculosis-peptides with the HLA-A*0201 class I molecule
were determined. Two peptides, Rv034133-42 and Rv034133-45,

FIG. 1. LC/MS/MS analysis of unfractionated MHC class I pep-
tides isolated from M. tuberculosis-infected human macrophage cell
line U937/A2. Shown are the total ion chromatogram of HLA-A*0201
purified peptides (top) and MS/MS spectra of Rv034133-45 (middle)
and Rv034133-44 (bottom).

FIG. 2. Comparative LC/MS analysis of unfractionated MHC class
I peptides from uninfected and M. tuberculosis-infected U937/A2 mac-
rophage cells. The similarity of the two samples is evidenced in the
selected-ion chromatograms, as each peak in the infected-cell sample
is present in the uninfected-cell sample, with the exception of
Rv034133-45 (�).

2928 FLYER ET AL. INFECT. IMMUN.



were characterized as having high binding affinities, exhibiting
IC50s of 49 and 40 nM, respectively, while the affinity of
Rv034133-44 was somewhat lower (IC50, 173 nM) (data not
shown). These binding affinities are similar to those reported
for those peptides recognized by CTL derived from patients
with cancer and viral disease (50).

Generation of CD8� CTL lines specific for M. tuberculosis
peptides. To determine whether the identified M. tuberculosis
peptides are capable of eliciting CTL responses, PBMC from
healthy, HLA-A2� blood donors were stimulated weekly with
autologous DC pulsed with the various peptides. CTL lines
generated against all three peptides exhibited a high level of
lysis on T2 cells pulsed with the peptide used for in vitro
stimulation compared to that of unpulsed targets (Fig. 3). In
addition to lytic activity, four peptide-specific CTL lines (two
each of the 10- and 13-mer CTL) were tested for the ability to
secrete gamma interferon (IFN-
), as a role for IFN-
 in the
CD8� T-cell response to tuberculosis has been suggested (29,
50). These CTL lines produced marked levels of IFN-
 in
response to specific antigen stimulation (data not shown).

The three M. tuberculosis-derived peptides were originally
isolated from M. tuberculosis-infected U937/A2, a human his-
tiocytic tumor cell line that had been treated prior to infection
with PMA to enhance phagocytosis of the bacilli. To determine
whether these peptides are also the result of processing by a

naturally occurring antigen-presenting cell, HLA-A2� DC
were infected M. tuberculosis and used as targets in a 51Cr
cytotoxicity assay. All three populations of peptide-specific
CTL were capable of recognizing both M. tuberculosis-infected
DC and DC pulsed with the stimulating peptide (Fig. 3).

Patterns of peptide recognition by the M. tuberculosis pep-
tide CTL lines. Because the three peptides represent a nested
set of peptides, all sharing the same 10 amino-terminal resi-
dues, we were interested in examining the pattern of reactivity
of the three peptide-induced CD8� CTL lines. As shown in
Fig. 4, the patterns of cross-reactivity of the three CTL with the
various peptides were different. CTL generated against the
10-mer (Rv034133-42) exhibited high levels of cross-reactivity
on the longer 12 (Rv034133-44)- and 13 (Rv034133-45)-amino-
acid peptides. Lytic activity by CTL generated against the 12-
amino-acid peptide was only observed on targets pulsed with
the 12-mer peptide and the longer 13-mer peptide but not the
shorter 10-mer peptide. Finally, CTL generated against the
13-mer peptide strongly recognized target cells pulsed with the
13-mer peptide, weakly recognized targets pulsed with the 12-
mer peptide, and showed no recognition of targets pulsed with
the 10-mer peptide. The data suggest that the three peptides
induce CTL responses that recognize both shared and unique
CTL epitopes.

DISCUSSION

The study presented here focused on the identification of
class I-associated T-cell epitopes recognized by CD8� CTL.
Several studies using animal models have indicated a role for
CD8� T cells in protective immunity to M. tuberculosis (19, 21,
28, 46, 51). Effector mechanisms suggested for CD8� T cells
include secretion of IFN-
 and tumor necrosis factor alpha
(48), direct lysis of infected macrophages, and antimicrobial
activity effected by the release of granulysin from cytotoxic
granules (47). While the role of CD8� T cells in human re-

FIG. 3. Peptide recognition by M. tuberculosis peptide-specific
CTL. PBMC from healthy donors were stimulated in vitro with pep-
tide-pulsed autologous DC. CTL lines were generated with peptides
Rv034133-42 (a and b), Rv034133-44 (c and d), and Rv034133-45, (e and
f). The cytolytic activity of the CD8� T-cell lines was measured in a
51Cr release assay with either T2 cell (a, c, and e) or DC (b, d, and f)
targets pulsed with either no peptide (E) or the peptide used for in
vitro stimulation (F) or with cells infected with M. tuberculosis (�).

FIG. 4. Patterns of peptide recognition exhibited by M. tuberculosis
peptide-generated CTL. The patterns of recognition by the CD8�

T-cell lines raised against M. tuberculosis peptides Rv034133-42 (a),
Rv034133-44 (b), and Rv034133-45 (c) were measured in a 51Cr release
assay. T2 target cells were either unpulsed (E) or pulsed with peptide
Rv034133-42 (F), peptide Rv034133-44 (�), or peptide Rv034133-45 (■ ).
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covery from tuberculosis has yet to be established, M. tubercu-
losis-specific CD8� T cells have been isolated from tuberculo-
sis-infected individuals in a number of studies (11, 29, 30).

The epitopes presented by class I MHC molecules are gen-
erated by the intracellular processing of proteins and their
subsequent binding and transport to the cell surface. Recent
reports have suggested that within M. tuberculosis-infected
macrophages, vacuoles containing tubercle bacilli become per-
meable to macromolecules, enabling bacterial proteins to en-
ter the cytoplasm (32, 41, 49). These proteins are then avail-
able for processing by the proteasome, transport by TAP to the
lumen of the endoplasmic reticulum, and association with class
I molecules. Although this represents just one of the many
mechanisms by which peptide presentation can occur, only a
few studies have been able to confirm the conduit between a
phagosome and the surrounding cytoplasm. There is also evi-
dence for an alternative processing pathway for MHC class
I-presented M. tuberculosis antigens that is insensitive to
brefeldin A (11). In addition, DC can also take up apoptotic
infected macrophages and re-present MHC class I-bound an-
tigens to T cells (1). Thus, by sampling the spectrum of pep-
tides associated with class I molecules isolated from the in-
fected cell and comparing it to the peptides present on
uninfected cells, it should be possible to identify M. tuberculo-
sis-derived peptides that are available for presentation to the
immune system.

Using MS to sequence M. tuberculosis-derived peptides
eluted from immunoaffinity-purified HLA-A*0201 molecules,
we have identified three peptides encoded by a single gene,
Rv0341. The Rv0341 gene is encoded by an open reading
frame within the H37Rv genome and is predicted to encode a
479-amino-acid protein with a molecular mass of 43.9 kDa
(The Sanger Centre) and is referred to here as Mtb43.9. No
product of the Rv0341 gene has been identified; however, the
amino acid sequence it is predicted to encode has a high
degree of homology to a glycine-rich cell wall structural protein
from Arabidopsis thaliana (The Sanger Centre).

The three peptides described in this study represent a nested
set of peptides, all beginning at the same amino acid but with
lengths of 10, 12, and 13 residues. All three of these peptides
elicited CD8� CTL responses in vitro from peripheral blood
obtained from healthy donors. Although the peptides were
originally isolated from an M. tuberculosis-infected histiocytic
tumor cell line activated with PMA to enhance phagocytosis,
these CTL were capable of recognizing and lysing M. tubercu-
losis-infected DC, indicating that these peptides are also pre-
sented during the normal course of infection of a naturally
occurring antigen-presenting cell.

The predominant lengths of class I binding peptides have
been shown to be 8 to 10 amino acids. This is due, in part, to
the fact that the peptide binding cleft in the class I molecule is
blocked at both ends by bulky amino acid side chains, such as
Tyr 84 and Trp 167 in the HLA-A*0201 molecule (42). While
peptides of this length may predominate, many studies have
shown that longer peptides can indeed bind to class I mole-
cules and that the affinity of these extended peptides for class
I antigens can be comparable to that of shorter peptides (13).
It has been suggested, based on crystallographic modeling of
HLA-Aw68 and associated peptides, that longer species could
be accommodated by additional kinking of the central region

of the peptide backbone while the peptide maintains hydrogen
bonding interactions between the amino and carboxyl termini
with the ends of the binding groove (24). This type of structure
is more likely to occur with class I molecules, where the dis-
tance between anchor residues is greater, such as that between
P2 and P9 for HLA-A0201 and -A6801 rather than that be-
tween P5 and P9, as is the case with H-2Kb and Db molecules.

Identification of multiple nested peptides from a single pro-
tein associated with the same class I antigen has been de-
scribed previously. One example is the nested peptides derived
from the IP-30 signal sequence and eluted from the HLA-
A201 class I molecule. These peptides had lengths of 9 amino
acids (IP-3027–35), 10 amino acids (IP-3026–35), 11 amino acids
(IP-3026–36), and 12 amino acids (IP-3026–37) (27). It is, how-
ever, the first time, to our knowledge, that the individual
nested peptides elicited different patterns of reactivity, as dem-
onstrated by CTL recognition. Here, the pattern of Rv0341
peptide recognition indicated that CTL induced by one pep-
tide efficiently recognized targets pulsed with that peptide and
longer homologues but not shorter homologues.

In the binding of extended peptides to the HLA-A0201 class
I molecule, the anchor residue at position 2 was found to be
more critical that the carboxy-terminal anchor residue at po-
sition 9 (13, 27). The data from those studies suggested that
binding of extended peptides to the class I molecule may occur
in various conformations. How the associations of the nested
Rv0341 peptides with the class I molecules differ from each
other is not clear; however, presentation of these peptides by
the class I molecule induces the expansion of T-cell popula-
tions with distinct and overlapping specificities. The ability of
nested peptides of differing lengths that are bound to the same
class I molecule in different conformations may be advanta-
geous to the immune system, eliciting distinct but overlapping
T-cell specificities, as observed with the Rv0341 peptides.

We have successfully used the approach of sequencing of
immunoaffinity-purified peptides to identify T-cell epitopes in
cancer tumor antigens (16, 25, 44). In these experiments, tu-
mor-specific CTL had been generated and were used to iden-
tify the peptide defining the T-cell epitopes. Here we demon-
strate that, in the absence of antigen-specific CTL, a search of
the genomic database of an infectious pathogen with peptide
sequences can identify immunologically relevant targets that
represent candidate T-cell epitopes for vaccine development.
The M. tuberculosis bacillus has a 4.4-Mb genome that has been
shown to encode 3,924 open reading frames (15). The number
of M. tuberculosis proteins that have been identified as having
any immunological role in the M. tuberculosis immune re-
sponse represents a very small percentage of the total number
of M. tuberculosis-encoded proteins.

In addition to the three peptides described in this report, we
have also sequenced two additional HLA-A2-associated M.
tuberculosis peptides. The first was derived from M. tuberculosis
heat shock protein hsp65, a protein previously identified as a
target for CD4� T cells (38) and found to induce protection in
murine models when administered as a DNA vaccine (9). Re-
cently, this peptide and others derived from hsp65 have been
shown to associate with the HLA-A0201 molecule and induce
CTL responses in HLA-A0201/Kb transgenic mice (12). The
second peptide was derived from galactofuranosyl transferase
(33), an M. tuberculosis protein not previously shown to be
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recognized by the immune system. Use of this methodology to
sequence additional class I-associated peptides, as well as class
II-associated peptides, should make it possible to construct a
database of M. tuberculosis proteins, processed by the infected
cell, that represent potential vaccine candidates.
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