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Abstract
Recent advances in molecular and genomic techniques
have facilitated research on several aspects of mycobac-
teriology, such as diagnosis and the identification of new
vaccines and therapeutic targets for various diseases,
including tuberculosis. The aim of this review was to
analyze the implications of advances in molecular and
genomic techniques on the development of new vac-
cines for tuberculosis as well asimmunological reagents
to diagnose the disease. Gene cloning and expression,
DNA and protein sequencing, polymerase chain reac-
tion, comparative genomics, bioinformatics, proteomics
and DNA and peptide synthesis coupled with the appli-
cation of cellularimmunology techniques have led to the
identification of several antigens of Mycobacterium tu-
berculosis, which have potential for diagnosis and vac-
cine applications. For example, cross-reactive mycobac-
terial antigens like heat shock proteins, MTB32 and
MTB39, have been identified as new vaccine candidates,
and antigens encoded by M. tuberculosis-specific ge-
nomic regions as new reagents for diagnosis.

Copyright © 2005 S. Karger AG, Basel

Introduction

Tuberculosis (TB) and leprosy are two major myco-
bacterial diseases that have afflicted humans throughout
recorded history. However, due to multidrug therapy and
active case finding efforts coordinated through the World
Health Organization, impressive advances have been
made towards the control of leprosy. For example, in
1970 there were 10.8 million people suffering from lep-
rosy, but the number was reduced to less than 1 million
in 1996 and further dropped to about 0.5 million by 2003,
and the disease has been eliminated from at least 98 coun-
tries [1]. On the other hand, the global problem of TB,
instead of improving, has deteriorated due to several fac-
tors, including the emergence and increase in the number
of patients infected with multidrug-resistant strains of
Mycobacterium tuberculosis, and TB-HIV coinfection.
Currently, about 8 million people develop active disease
and 2 million die of TB each year [2]. TB ranks among
the top 10 causes of human mortality in the world and
the World Health Organization has declared TB ‘a global
emergency’.

To control the worldwide problem of TB, universally
efficacious anti-TB vaccines and reagents for specific di-
agnosis are urgently needed. With respect to anti-TB vac-
cines, vaccination with the attenuated Mycobacterium
bovis Bacillus Calmette-Guérin (BCG) has been widely
used for several decades, but its efficacy to protect against
the most infectious form of TB (pulmonary disease) in
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adults varies tremendously in different parts of the world.
In particular, BCG has shown poor efficacy in the devel-
oping countries of Asia and Africa, where TB is highly
endemic and vaccine-induced protection is most urgent-
ly needed [3]. In addition, the diagnostic value of the
presently used skin test reagent, purified protein deriva-
tive (PPD) of M. tuberculosis, is low due to the presence
of antigens that cross-react with environmental mycobac-
teria and the vaccine strains of M. bovis BCG. Further-
more, BCG being a live vaccine can cause disease by itself
in immunocompromised subjects for whom vaccination
with BCG is contraindicated, including AIDS patients,
who are usually at a very high risk of developing TB [4].
Identification of M. tuberculosis antigens useful for the
specific diagnosis of TB and the development of new TB
vaccines that are protective in all parts of the world is
therefore an urgent global need.

Gene Cloning and Expression to Identify
Antigenic Proteins of M. tuberculosis

The advances in gene cloning and expression of myco-
bacterial genes in heterologous hosts have greatly facili-
tated the identification of antigenic proteins of M. tuber-
culosis recognized by antibodies and T cells. The first
breakthrough in this field was reported by Bloom et al. in
1985 [5]. They used the N gt11 phage expression system
for high-level expression of mycobacterial DNA as fusion
proteins (fused to the structural protein (3-galactosidase)
in Escherichia coli. The fusion protein approach assured
efficient translation and transcription of DNA in E. coli.
Another advantage of the fusion protein approach is the
relative stability of the mycobacterial polypeptide. The
fusion proteins are usually more resistant to the proteo-
lytic machinery of E. coli than the foreign polypeptides
alone [5].

The mycobacterial recombinant DNA libraries con-
structed by Bloom et al. [5] were first screened with anti-
body probes to identify recombinant phage clones ex-
pressing the antigenic proteins of mycobacteria. This re-
sulted in the identification of DNA sequences expressing
12-, 14-, 18-, 19-, 28-, 36-, 65- and 70-kDa proteins [5].
When tested for immunological reactivity with T cell
clones established from TB patients and healthy donors
vaccinated with killed Mycobacterium leprae, the 65-, 19-
and 18-kDa proteins were found reactive with human T
cells [6-8]. In addition, these antigens were also recog-
nized by polyclonal T cell lines established against whole-
cell mycobacteria [9]. However, the 65-kDa antigen was
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found to be reactive with most T cell lines [9], and T cells
responding to it were detected even 8 years after vaccina-
tion with a preparation of killed M. leprae [10]. These re-
sults suggested that the T cells reactive with the 65-kDa
antigen were long-lasting memory T cells, and therefore
vaccination with the 65-kDa antigen may be useful in pro-
viding long-term immunity. Furthermore, the 65-kDa an-
tigen was presented to T cells promiscuously and in asso-
ciation with frequently expressed HLA-DR molecules[11,
12]. Thus, if used as a vaccine, this antigen will not have
limitations due to HLA restriction. However, the 65-kDa
antigen is not useful in the specific diagnosis of TB because
itisacross-reactive heat shock protein (hsp) shared among
different mycobacterial species including the vaccine
strains of BCG and environmental mycobacteria [13].

The vaccine potential of the 65-kDa mycobacterial
hsp (hsp65) was first reported by Silva and Lowrie [14],
who demonstrated that immunization with hsp65 ex-
pressed in a mouse macrophage cell line J774 protects
mice against challenge with M. tuberculosis. The adop-
tive transfer experiments from immunized to naive
mice further showed that antigen-specific T cells were
responsible for providing protection against the growth
of M. tuberculosis in challenged mice [15]. Vaccination
with hsp65-plasmid DNA protects mice against M. fu-
berculosis challenge in a prophylactic mode [16]. In ad-
dition, vaccination with hsp65-plasmid DNA has also
been shown to be effective in immunotherapy of mice
preinfected with M. tuberculosis, by shifting Th2 re-
sponse to the protective Thl type, and providing a ster-
ilization effect, thus preventing the disease due to reac-
tivation [17].

Another approach to identify antigens of M. tuberculo-
sis recognized by T cells was established by us in 1988, in
which recombinant DNA libraries were directly screened
for T cell reactivity by using mycobacterial antigen-spe-
cific T cell clones [18]. In this approach, pools of recom-
binant antigens were prepared from a large number of
recombinant phage clones followed by testing the anti-
genic pools with a pool of T cell clones established against
whole-cell mycobacteria [18]. These studies led to the
identification and characterization of 24-kDa lipoprotein
antigens of M. tuberculosis (Rv2945c, LppX) and M. lep-
rae (MLO136, LppX), which are absent in environmental
mycobacteria[19, 20]. A synthetic peptide approach iden-
tified promiscuous T cell epitopes of LppX [20] and sug-
gested that this antigen could be useful in developing a
common vaccine against tuberculosis and leprosy.

By using T cell and serological expression cloning in
conjunction with peripheral blood mononuclear cells
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(PBMC) from healthy donors, T cell lines derived from
mice infected with M. tuberculosis and sera from active
TB patients, a group of scientists working at Corixa Cor-
poration, USA, have identified 8 different Th1-cell-stim-
ulating proteins with molecular mass ranging from 8.4 to
41 kDa [21-25]. Among these proteins, vaccination with
MTB32 and MTB39 as fusion proteins has shown to pro-
tect 4 different species of animals, i.e. mice, guinea pigs,
rabbits and monkeys. The vaccine is safe and effective in
naive animals as well as in animals preinfected with
M. tuberculosis [25].

Reverse Genetics to Identify Antigens of
M. tuberculosis

The techniques of reverse genetics have helped to iden-
tify the genes of several M. tuberculosis antigens that are
actively secreted in the culture filtrate of M. tuberculosis.
The work to identify the secreted protein antigens of
M. tuberculosis has received considerable attention be-
cause of their possible immunodominance and involve-
ment in protective immunity [26-28]. The evaluation of
fractionated proteins of short-term culture filtrate (ST-
CF) of M. tuberculosis in memory immune mice identi-
fied low-molecular-weight (6-10 kDa) proteins as the
most potent stimulators of the protective cytokine IFN-y
[29]. In the subsequent studies, the low-molecular-weight
fraction of ST-CF was used to raise monoclonal antibod-
ies and purify proteins for amino-terminal sequencing.
These studies led to the isolation of the gene for the 6-kDa
early secreted antigenic target (ESAT6), which was then
expressed as a recombinant protein in E. coli and purified
[29]. Further testing of human T cells from TB patients
with recombinant ESAT6 showed that it was the major
stimulator of human T cells in proliferation and IFN-y
assays [30]. In addition, the use of overlapping synthetic
peptides covering the sequence of the protein showed that
multiple epitopes of ESAT6 were presented to Th1 cells
in association with frequently expressed HLA class II
molecules [31, 32]. The observation that ESAT6 is ex-
pressed in all members of the M. tuberculosis complex
causing human TB, but not in many other mycobacteria
including vaccine strains of M. bovis BCG [33], indicates
that this antigen is relevant to specific diagnosis of TB.
This was confirmed by demonstrating that ESAT6 in-
duced high level of IFN-y responses in TB patients but
not in BCG-vaccinated healthy donors, whereas PPD in-
duced equivalent responses in both groups [34]. Vaccina-
tion of mice with ESAT6 has been shown to provide pro-
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tection against M. tuberculosis challenge in the mouse
model of TB [35]. In addition, vaccination with a single
peptide of ESAT6 (aa 51-70) provided a level of protec-
tion that was equivalent to the protection achieved after
vaccination with complete ESAT6 or M. bovis BCG [35].
These findings demonstrate the potential of ESAT6 and
its peptide (aa 51-70) in developing subunit and peptide-
based vaccines against TB.

The studies summarized above suggest that ESAT6
could be of value in both specific diagnosis as well as in
the development of a new vaccine against TB. However,
in order to differentiate between vaccination with ESAT6
and infection with M. tuberculosis, a single antigen will
not suffice. Therefore, studies have been carried out to
identify additional antigens of M. tuberculosis with diag-
nostic and vaccine potential.

The need to identify additional antigens present in the
low-molecular-weight fractions of ST-CF is further sup-
ported by our recent work aimed to evaluate the immune
response of TB patients treated with a multidrug regimen
for 6 months [36]. The results showed that, in treated pa-
tients, antigen-induced proliferation and IFN-y respons-
es of PBMC in response to the low-molecular-weight frac-
tions F1 and F2 were severalfold higher than the respons-
es obtained after stimulation of PBMC with ESAT6 [36].
Thus, this suggests that the low-molecular-weight frac-
tions of ST-CF contain additional immunologically im-
portant proteins of M. tuberculosis.

The experiments carried out to identify the proteins in
the low-molecular-weight fraction of ST-CF by raising
monoclonal antibodies and screening the A gt11 recom-
binant DNA library of M. tuberculosis with these antibod-
ies led to the identification of 3 other immunogenic pro-
teins termed as CFP10, TB7.3 and TB10.4 [33]. The se-
quence analyses demonstrated that TB10.4 and CFP10
belong to the ESAT6 family of low-mass proteins, where-
as TB7.3 is a low-molecular-mass protein outside this
family. TB10.4 and CFP10 have almost identical size
(10 kDa) and genes coding for both have approximately
40% identity to esat6 [33]. The proteins CFP10, TB7.3
and TB10.4 were expressed as recombinant proteins in
E. coli, and the immunological reactivity of the recombi-
nant proteins was assessed with PBMC from TB patients
and M. bovis BCG-vaccinated and nonvaccinated healthy
donors. In TB patients, the recombinant TB10.4 and
CFP10 were strongly recognized and induced IFN-y re-
lease at the same level (CFP10) as or at an even higher
level (TB10.4) than ESAT6 [33], whereas TB10.4 showed
strong recognition in M. bovis BCG-vaccinated healthy
subjects as well and TB7.3 induced low level of responses
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Table 1. Description of M. tuberculosis-specific ORFs predicted in
RDI1

ORF Rv gene Encoded Protein length,
designation protein number of aa
ORF2 Rv3871 unknown 591
ORF3 Rv3872 PE35 98
ORF4 unknown unknown 239
ORF5 Rv3873 PPEG68 371
ORF6 Rv3874 CFP10 100
ORF7 Rv3875 ESAT6 95
ORF8 unknown unknown 139
ORF9 Rv3876 unknown 666
ORF10 Rv3877 unknown 552
ORF11 Rv3878 unknown 280
ORF14 unknown unknown 262
ORF15 unknown unknown 95

in all the subjects [33]. Thus, CFP10 was found to distin-
guish TB patients from M. bovis BCG-vaccinated donors
and could therefore be, together with ESAT6, an interest-
ing candidate for the specific diagnosis of active TB. A
comparative evaluation of ESAT6 and CFP10 responses
in an enzyme-linked immunospot IFN-y assay with tuber-
culin skin testing has revealed that the enzyme-linked im-
munospot IFN-y assay with ESAT6 and CFP10 is more
accurate than tuberculin skin testing for identification of
individuals who have latent TB [37]. Therefore, in addi-
tion to the diagnosis of active TB, the use of ESAT6 and
CFP10 could improve TB control by more precise target-
ing of preventive treatment in people latently infected
with M. tuberculosis.

The studies conducted to determine the distribution of
th7.3, th10.4 and cfp10 genes in M. tuberculosis, M. bovis
BCG and environmental mycobacteria have shown that
all of these genes are present in M. tuberculosis but, like
esat6, c¢fpl0 is absent in BCG and most environmental
mycobacteria [33]. In addition to specific diagnosis, these
antigens could also be useful in the development of new
vaccines against TB due to lack of interference from most
environmental mycobacteria. Further studies have shown
that ESAT6 and CFP10 are expressed from a single op-
eron and genes encoding these low-molecular-weight pro-
teins are transcribed together in M. tuberculosis [38]. The
9.5-kb genomic region of M. tuberculosis encoding ESAT6
and CFP10 has been termed as RD1 [38]. The analysis of
RD1 for open reading frames (ORFs) has shown that, in
addition to ESAT6 (ORF7, Rv3875) and CFP10 (ORF6,
Rv3874), this genomic region can potentially encode 12
other M. tuberculosis-specific proteins from an equal num-
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ber of ORFs (table 1) [39]. As described below, further
studies were conducted to identify other major antigens
encoded by RD1 ORFs using recombinant DNA and
overlapping synthetic peptide approaches.

Identification of Major M. tuberculosis
Antigens Encoded by RD1 Using Recombinant
DNA Approach

To immunologically characterize the putative proteins
encoded by RD1 ORFs, we first attempted to clone and
express the putative proteins encoded by RD1 as fusion
proteins in E. coli using appropriate plasmids as cloning
and expression vectors [39, 40]. Subsequently, the recom-
binant proteins were purified and isolated free of the fu-
sion partner (glutathione S-transferase of Schistosoma ja-
ponicum) by affinity purification on glutathione Sepha-
rose and/or Ni-NTA-agarose affinity matrix and cleavage
of the purified fusion proteins by treatment with thrombin
protease [39, 40]. However, these procedures could result
in the expression and purification of only 6 of the targeted
14 proteins, i.e. ORF3 (PE35, Rv3872), ORF5 (PPE6S,
Rv3873), ORF6 (CFP10, Rv3874), ORF7 (ESATHS,
Rv3875), ORF11 (Rv3878) and ORF14 [39, 40]. The
problems with other ORFs included low level of expres-
sion, degradation of the mycobacterial proteins and the
presence of contaminating E. coli components in purified
preparations. When tested for antibody reactivity using
sera from different groups of donors, the purified ORF14
protein was frequently recognized by antibodies present
in the sera of TB patients, but not healthy M. bovis BCG-
vaccinated donors[39, 41], whereas other proteins showed
either low frequency of recognition or were recognized by
sera from TB patients as well as healthy donors [39-41].
These results suggest that ORF14 protein could be useful
in the serodiagnosis of TB. However, when tested with
PBMC from TB patients and healthy donors for Th1 cell
responses, ORF14 protein showed weak reactivity in an-
tigen-induced proliferation and IFN-y assays [42], thus
suggesting that the ORF14 protein is not important as a
new vaccine candidate against TB.

Overlapping Synthetic Peptides to Identify
Antigens Encoded by RD1 Genes

To overcome the problems associated with the recom-
binant DNA approach in expression and purification of
RD1-encoded proteins and to identify additional anti-
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gens relevant for diagnosis and vaccine development
against TB, we have used pools of overlapping synthetic
peptides covering the sequence of each protein and tested
these pools for T cell reactivity with PBMC from TB pa-
tients and BCG-vaccinated healthy donors in antigen-in-
duced proliferation and IFN-y assays [43]. The results
showed that the RD1 pool was as good in stimulating Th1
cells from both donor groups as complex antigens of
M. tuberculosis, i.e. whole cells and culture filtrate anti-
gens and whole-cell M. bovis BCG [44]. The studies fur-
thershowed that ORFS5 (PPE68,Rv3873), ORF6 (CFP10,
Rv3874) and ORF7 (ESAT6, Rv3875) are the major an-
tigens recognized by Th1 cells from TB patients, whereas
only ORF5 was the major antigen recognized by Th1 cells
from M. bovis BCG-vaccinated healthy donors [44]. Sim-
ilar experiments in the cattle model of TB have shown
that PPE68, CFP10 and ESAT6 are also the major stim-
ulators of Th1 cell reactivity in M.-bovis-infected but not
in noninfected or BCG-vaccinated animals [45].

Comparative Genomics and Bioinformatics
to Identify M. tuberculosis-Specific Genomic
Regions

The availability of the complete genome sequence of M.
tuberculosis in 1998 [46] has opened up new frontiers of
research in TB, including the identification of antigens use-
ful as new vaccine candidates and diagnostic reagents. The
comparative genomics and bioinformatics have shown
that in addition to RD1, 10 other genomic regions present
in M. tuberculosis H37Rv (RD4-RD13) are deleted in all
strains of BCG [47-49]. These regions cover 108 ORFs of
M. tuberculosis H37Rv and are deleted from all 13 BCG
substrains currently used as anti-TB vaccines in different
parts of the world. By using an overlapping synthetic pep-
tide approach, we are in the process of screening these re-
gions to identify additional M. tuberculosis-specific anti-
gens useful for diagnosis and vaccine applications [50].

In silico comparisons between M. tuberculosis and
M. leprae genome sequences have revealed that among
the 1,439 genes common to both mycobacteria, 219 genes
code for proteins that show no similarity with proteins
from other organisms [51]. Macroarray and bioinformat-
ic analyses revealed that among the 219 ‘core’ genes con-
served among M. tuberculosis and M. leprae, only few
were not present in other mycobacteria, i.e. Mycobacte-
rium avium, Mycobacterium marinum and Mycobacte-
rium smegmatis. Interestingly, some of these missing
genes code for proteins of the ESAT6 family [51].

Mycobacterial Gene Cloning to Genomics

Diagnostic and Vaccine Potentials of RD1 and
Other RD Regions

A number of recent studies demonstrate the diagnostic
and vaccine potential of proteins encoded by RD1 and
other RD regions. The study of Liu et al. [52] using syn-
thetic peptides covering the sequence of 4 gene products
encoded by RD2 (Rv1989c) and RD1 (Rv3873, Rv3878,
and Rv3879c) showed that 45 and 53% of the TB patients
responded to Rv3879c and Rv3873, respectively, identi-
fying these proteins as major M. tuberculosis T cell anti-
gens in humans, while 35 and 25% of the patients re-
sponded to Rv3878 and Rv1989c, respectively. Of the 38
BCG-vaccinated donors, 2.6% responded to peptides
from Rv3878 and Rv3879c, 7.9% responded to Rv3873,
and none responded to Rv1989c¢ [52]. Exclusion of cross-
reactive peptides encoded in conserved motifs of Rv3873
increased its specificity to 97.4%. The high specificity of
Rv3879c¢ peptides and nonconserved Rv3873 sequences,
together with their moderate sensitivity in TB patients,
identifies these peptides as candidates for inclusion in
new T-cell-based tests for M. tuberculosis infection [52].

Using pools of synthetic peptides, Demangel et al. [53]
have examined the potential immunogenicity of 4 RD1
products, i.e. Rv3872, Rv3873, Rv3878, and Rv3879c.
Rv3873 was the only one to elicit IFN-y-producing cells
in C57BL/6 mice infected with M. tuberculosis. Anti-
Rv3873 T cells were predominantly raised against an ep-
itope mapped in the N-terminal end of the protein. Their
results further show that Rv3873 is an immunogenic
product of the RD1 region, which does not interfere with
the secretion and immunogenicity of CFP10 and ESAT6.
Whentested asa His-tagged recombinant protein, Rv3873
stimulated high levels of IFN-y secretion in peripheral
blood mononuclear cells isolated from TB patients, as
well as from healthy tuberculin PPD-positive subjects
and M. bovis BCG-vaccinated donors [54]. Epitope map-
ping performed with overlapping peptides revealed a
broad pattern of T cell recognition comprising both TB-
specific epitopes and epitopes also recognized by BCG-
vaccinated donors [54]. The immunological evaluation of
Rv3878 by Agger et al. [55] showed a prominent T cell
response to this antigen in TB patients, but very limited
responses were seen in BCG-vaccinated donors.

A study conducted in the cattle model of TB used syn-
thetic peptides covering 13 ORFs from the RD1, RD2,
and RD14 regions of the M. tuberculosis genome [56].
Pools of overlapping peptides spanning these ORFs were
tested in M. bovis-infected, BCG-vaccinated and unvac-
cinated cattle. All the peptide pools were recognized in
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infected cattle, with responder frequencies varying be-
tween 16 and 86%. In particular, 8 highly immunogenic
antigens were identified whose potentials as diagnostic
reagents or as subunit vaccines warrant further study
(Rv1983, Rv1986, Rv3872, Rv3873, Rv3878, Rv3879c,
Rv1979c, and Rv1769) [56].

For functional characterization of genes within the
RDI1 segment, M. tuberculosis H37Rv deleted for RD1
(H37Rv:3RD1) was assessed for virulence after infections
of the human macrophage-like cell line THP-1, human
peripheral blood monocyte-derived macrophages, and
C57BL/6 mice. In each of these systems, the H37Rv:0RD1
strain was strikingly less virulent than wild-type M. tuber-
culosis H37Rv and was very similar to BCG controls [57].
These results led to the conclusion that genes within or
controlled by RD1 are essential for M. tuberculosis viru-
lence and that loss of RD1 was important in BCG attenu-
ation [57]. In addition to M. bovis BCG, loss of RD1 has
also been suggested to contribute to the attenuation of the
other live TB vaccine, i.e. Mycobacterium microti[58]. To
increase the immunogenicity and protective capacity of
these vaccines, both were complemented with different
constructs containing the genes encoding ESAT6 and
CFP10, as well as a variable number of flanking genes.
Only reintroduction of the complete RD1 locus led to full
secretion of the antigens and resulted in specific ESAT6-
dependent immune responses; this suggests that the flank-
ing genes encode a secretory apparatus [59]. Mice and
guinea pigs vaccinated with the recombinant strain BCG:
RD1-2F9 were better protected against challenge with M.
tuberculosis, showing less severe pathology and reduced
dissemination of the pathogen, as compared with control
animals immunized with BCG alone [59].

Proteomics to Identify M. tuberculosis
Antigens

The availability of the complete genome sequence of
M. tuberculosis has revolutionized many areas of tuber-
culosis research and facilitated functional genomics stud-
ies, including the identification of antigens useful in di-
agnosis and vaccine applications. Proteomics has been
widely applied to develop two-dimensional polyacryl-
amide gel electrophoresis maps and databases, evaluate
gene expression profiles under different environmental
conditions, assess global changes associated with specific
mutations, and define drug targets of bacterial pathogens.
Genomics has revealed the sequence of about 4,000 genes
in M. tuberculosis [46]. Proteomics complements genom-
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ics in showing which genes are really expressed and could
be useful as drug targets and new vaccine candidates [60].
Moreover, proteomics may identify the expression of
genes not predicted by genomics [61].

Classical proteomics combines two-dimensional gel
electrophoresis (2-DE) for the separation and quantifica-
tion of proteins in a complex mixture with mass spectro-
metric identification of selected proteins. Using these
techniques, Jungblut et al. [61] demonstrated the expres-
sion of 6 genes of M. tuberculosis not predicted by genom-
ics. When coupled to immunological assays, proteomics
may also be used to identify B cell and T cell antigens
within complex protein mixtures [62]. In a study conduct-
ed by Covert et al. [63], large quantities of subcellular
protein fractions of M. tuberculosis were resolved by two-
dimensional liquid-phase electrophoresis, resulting in 355
and 299 fractions of culture filtrate and cytosolic proteins,
respectively. Analysis of these fractions against spleno-
cytes of C57Bl/6 mice infected with M. tuberculosis re-
sulted in the identification of 37 fractions that stimulated
adominant T cell response, as measured by the production
of IFN-y. Molecular characterization of the proteins con-
tained in each fraction by liquid chromatography-mass
spectrometry and liquid chromatography-tandem mass
spectrometry resulted in the identification of 30 individ-
ual proteins. Although many of these represented previ-
ously defined antigens, 17 of these proteins were novel T
cell antigens [63]. These data demonstrate that proteomics
offers a rapid and facile approach for elucidation of im-
munodominant T cell antigens of M. tuberculosis.

A comprehensive proteomics analysis of culture super-
natant (CSN) proteins of M. tuberculosis H37Rv was ac-
complished by combination of 2-DE, mass spectrometry,
and N-terminal sequencing by Edman degradation [64].
Analytical 2-DE gels resolved approximately 1,250 pro-
tein spots from CSN of M. tuberculosis H37Rv, 381 of
which were identified by mass spectrometry and/or Ed-
man degradation. The study revealed 137 different pro-
teins, 42 of which had previously been described as se-
creted [64]. Comparative proteome analysis of CSN from
virulent M. tuberculosis H37Rv and attenuated M. bovis
BCG (Copenhagen) identified 39 M. tuberculosis-specific
spots containing 27 different proteins. These included 5
proteins encoded by ORFs absent from M. bovis BCG,
e.g. ESAT6, as well as 22 novel differential proteins, such
as acetyl-CoA C-acetyltransferase (Rv0243) and 2 puta-
tive Esat6-like proteins (Rv1198, Rv1793) [64]. These
proteins could provide additional antigens useful in the
specific diagnosis and/or development of new vaccines
against TB.
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Conclusions

The advances in molecular and genomic techniques

to be more useful for vaccine and diagnostic applications
because of their immunodominance for recognition by

have led to the identification of several antigens of M. tu-
berculosis including hsp, low-molecular-weight proteins

actively secreted in the culture filtrate of M. tuberculosis

and proteins encoded by regions deleted in BCG and oth-

er mycobacteria. However, the antigens belonging to the
ESAT6 family of low-molecular-weight proteins appear
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