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The human T-cell recognition of the low-molecular-mass culture filtrate antigen TB10.4 was evaluated in
detail. The molecule was strongly recognized by T cells isolated from tuberculosis (TB) patients and from
BCG-vaccinated donors. The epitopes on TB10.4 were mapped with overlapping peptides and found to be
distributed throughout the molecule. The broadest response was found in TB patients, whereas the response
in BCG-vaccinated donors was focused mainly toward a dominant epitope located in the N terminus (amino
acids 1 to 18). The gene encoding TB10.4 was found to belong to a subfamily within the esat-6 family that
consists of the three highly homologous proteins TB10.4, TB10.3, and TB12.9 (Rv0288, Rv3019¢c, and Rv3017c,
respectively). Southern blot analysis combined with database searches revealed that the three members of the
TB10.4 family were present only in strains of the Mycobacterium tuberculosis complex, including BCG, and
M. kansasii, whereas other atypical mycobacteria had either one (M. avium, M. intracellulare, and M. marinum)
or none (M. scrofulaceum, M. fortuitum, and M. szulgai) of the genes. The fine specificity of the T-cell response
to the three closely related esat-6 family members was markedly different, with only a few epitopes shared
between the molecules. Minimal differences in the amino acid sequence translated into large differences in
recognition by T cells and secretion of gamma interferon. In general, the peptides from TB10.4 stimulated the
largest responses, but epitopes unique to both TB10.3 and TB12.9 were found. The relevance of the findings for

TB vaccine development and as a potential mechanism for immune evasion is discussed.

The bacterium Mycobacterium tuberculosis was isolated and
identified as the causative agent of tuberculosis (TB) by Robert
Koch in 1882. Despite very significant research efforts in recent
years, major gaps still remain in our knowledge of the bacte-
rium. Designing an effective vaccine against the disease has
been an international research priority since human trials dem-
onstrated a highly variable protective efficacy of the current
vaccine BCG (8). The recent sequencing of the M. tuberculosis
genome (6) has opened the way to many new antigen discovery
approaches; among these are the definition and screening of
immunodominant gene families identified in silico. One such
family, the esat-6 gene family, has attracted significant interest
and has been demonstrated to encode several immunodomi-
nant molecules that are strongly recognized by the immune
systems in different animal models of TB, as well as by T cells
from human beings exposed to M. tuberculosis (1, 15, 17, 18).

The esat-6 family consists of 14 to 23 low-mass proteins,
depending on the definition criteria used (18). Of the 23 pro-
teins in this family at least 13 can be divided further into
subfamilies due to high sequence relatedness of the molecules
in the individual gene-protein subfamilies. One esat-6 subfam-
ily is the Mtb9.9 family, consisting of five open reading frames
(ORFs) (Rv1037c, Rv1198, Rv1793, Rv2346¢, and Rv3619c),
which was recently described by Alderson et al. (1). A second
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subfamily (the QILSS family [7]) consists of the five neighbor-
ing ORFs (Rv1038c, Rv1197, Rv1792, Rv2347c, and Rv3620c)
that share individual identity on the protein level of >98%.
Both of these families probably result from relatively recent
gene duplications, as indicated by the high homology of the
proteins (96 to 99% identity).

Here we analyze the T-cell epitopes on the TB10.4 antigen
and describe the identification and characterization of two
highly homologous proteins, TB10.3 and TB12.9, which to-
gether with TB10.4 constitute another subfamily within the
esat-6 gene family. Although these molecules are highly ho-
mologous, our data indicate that the fine specificity of the
T-cell responses to these molecules differ markedly, and very
few T-cell epitopes are shared among the three family mem-
bers. The possible role of these findings for antigenic variation
in M. tuberculosis and as a potential mechanism for immune
evasion is discussed.

MATERIALS AND METHODS

Southern blotting. Genomic DNA from the different mycobacterial species
listed in Table 2 was prepared as described previously (2). Southern blotting was
carried out as described elsewhere (17).

Recombinant proteins and synthetic peptides. Recombinant TB10.4 was pro-
duced as previously described (17).

Preliminary experiments have shown that T-cell responses to TB10.4 and a
mixture of all overlapping peptides are almost identical. The same has previously
been demonstrated for two other esat-6 family members: ESAT-6 and CFP-10
(3). Therefore, we used a mixture of overlapping synthetic peptides of TB10.3
and TB12.9 as a substitute for whole protein.

Synthetic overlapping peptides (18- or 20-mer) covering the complete primary
structure of the three proteins (see Fig. 4) were synthesized by standard solid-
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phase methods on an ABIMED peptide synthesizer (ABIMED, Langenfeld,
Germany) at the Department of Infectious Diseases and Immunohematology/
Bloodbank C5-P, Leiden University Medical Centre, Leiden, The Netherlands
(TB10.4), or at Schafer-N, Copenhagen, Denmark. The peptides were purified
by reverse-phase high-pressure liquid chromatography. Purified peptides were
lyophilized and stored dry until reconstitution in phosphate-buffered saline
(PBS).

Human T-cell lines. T-cell lines were generated as described previously (12).
Briefly, peripheral blood mononuclear cells (PBMC) were obtained from HLA-
DRB1*-typed TB patients (the patients were HLA-DRBI typed by PCR ampli-
fication of DNA obtained from peripheral blood cells or phytohemagglutinin
(PHA)-stimulated blast cells with sequence-specific primers, identifying poly-
morphisms corresponding to the serologically defined series DR1-DR18). PMBC
were incubated at 1 X 10° to 2 X 10° cells/well in 24-well plates (Nunc, Roskilde,
Denmark) in the presence of antigen at 5 pg/ml for 6 days and then expanded
with recombinant interleukin-2. The T-cell lines were then frozen and stored in
liquid nitrogen. Five cell lines were generated with short-term culture filtrate
(TCL2-6) and one with purified protein derivative (PPD; TCL1). Only T-cell
lines that were M. tuberculosis reactive, i.e., responded to M. tuberculosis sonicate
or PPD (tuberculin RT23; Statens Serum Institute, Copenhagen, Denmark) but
not to tetanus toxoid, were used in the present study. For the analysis of antigen-
specific responses, T-cell lines (1.5 X 10*well) were incubated with irradiated
autologous or HLA-matched PBMC (5 x 10%well), with or without antigen
(PPD at 5 pg/ml; recombinant antigen at 0.2, 1, or 5 pg/ml; peptide mixtures at
0.2, 1, or 5 pg of total peptides/ml; or individual peptides at 1 or 5 pg/ml), in a
total volume of 200 wl/well in triplicate in 96-well flat-bottom microtiter plates.
The proliferation was measured by determining the [*H]thymidine incorporation
at day 4 and is expressed as the stimulation index (SI), which is defined as the
mean counts per minute (cpm) in stimulated cultures divided by the mean cpm
in unstimulated cultures.

For this part of the study, the protocol (P136/97) was approved by the Ethics
Committee of the Leiden University Medical Center.

Human donors. PBMC were obtained from 3 healthy nonvaccinated donors,
10 healthy BCG-vaccinated donors with a positive in vitro response to PPD, and
10 TB patients with microscopy- or culture-proven infection. Blood samples were
drawn from TB patients 0 to 6 months after diagnosis. This part of the study was
approved by the Local Ethical Committee for Copenhagen and Frederiksberg
(RH 01-282/96 and KF 01-369/98).

Lymphocyte preparations and cell culture. PBMC were freshly isolated by
gradient centrifugation of heparinized blood on Lymphoprep (Nycomed, Oslo,
Norway) and stored in liquid nitrogen until use. The cells were resuspended in
complete RPMI 1640 medium (Gibco-BRL/Life Technologies) supplemented
with 1% penicillin-streptomycin (Gibco-BRL/Life Technologies), 1% nonessen-
tial amino acids (FLOW; ICN Biomedicals), and 10% heat-inactivated normal
human AB serum. The viability and number of the cells were determined by
Nigrosin staining. Cell cultures were established with 1.25 X 10° PBMC in 100 .l
in microtiter plates (Nunc) and stimulated with 5 pg of PPD/ml, 5 pg of recom-
binant TB10.4 or single peptides/ml at final concentrations of 10, 5, or 0.5 wg/ml,
or peptide pools corresponding to the full-length proteins in which each peptide
was included at concentrations of 0.5, 0.1, or 0.05 pg/ml.

“No antigen” was included as a negative control, and PHA was used as a
positive control (results not shown). Cell cultures were incubated for 5 days at
37°C (5% CO,, 95% air), and supernatants were harvested for cytokine analysis.

Cytokine analysis. Gamma interferon (IFN-y) was detected with a standard
sandwich enzyme-linked immunosorbent assay with a commercially available
pair of monoclonal antibodies (Endogen) and used according to the manufac-
turer’s instruction. Recombinant IFN-y (also from Endogen) was used as a
standard.

Enzyme-linked immunospot (ELISPOT) assay for IFN-y. We blocked 96-well
polyvinylidene difluoride-packed plates (MAIPS 4510; Millipore) precoated with
anti-human IFN-y (Endogen) with 1% bovine serum albumin in PBS for 2 h at
37°C. Afterward, cells were added in different known concentrations, together
with antigen (10 pg/ml), and then incubated 18 h at 37°C (5% CO,, 95% air).
After being washed with 0.05% Tween 20 in PBS, anti-human IFN-y-Biotin
(Endogen) secondary antibody was added, and the mixture was incubated for 2 h.
Alkaline phosphatase-conjugated streptavidin (1:1,000 in PBS-1% BSA) was
added and left for 1 h at 37°C. Plates were developed with nitroblue tetrazolium-
BCIP (5-bromo-4-chloro-3-indolylphosphate; Sigma) and incubated for 15 min
at 37°C in the dark.

Spots were counted under microscope and expressed as spot-forming units per
10° cells.
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FIG. 1. Individual IFN-y responses of 10 TB patients, 7 BCG-
vaccinated donors, and 3 nonvaccinated healthy donors stimulated
with PPD, recombinant TB10.4 (rTB10.4), or TB10.4 peptide mixture
(nine peptides covering the full-length TB10.4 protein). Each symbol
represents one donor. Mean values (solid bars) are indicated.

RESULTS

T-cell responses to the TB10.4 antigen. PBMC from human
TB patients, healthy BCG-vaccinated patients, and nonvacci-
nated controls were stimulated in vitro with recombinant
TB10.4 (rTB10.4), a mixture of peptides covering the complete
TB10.4 sequence (18-mer peptides overlapping with eight
amino acids), or PPD (Fig. 1). TB10.4 was not recognized in
healthy nonvaccinated donors, and the response induced in
the group of TB patients and BCG-vaccinated donors was at
the same level, a finding in agreement with the presence of the
gene for TB10.4 in different strains of BCG (reference 17 and
unpublished results). The response induced by the recombi-
nant preparation was at the same level as responses to the
mixture of peptides and typically constituted 25 to 50% of the
response to PPD at the individual donor level. To investigate
the magnitude of the response to TB10.4 in more detail, we
evaluated the number of cells responding to PPD, rTB10.4,
and the mixture of TB10.4 peptides by ELISPOT assay. In the
two BCG-vaccinated healthy donors investigated, the number
of responding cells correlated closely with the IFN-y response,
and the number of TB10.4-specific cells was 40 to 45% of the
frequency of cells responding to PPD (Table 1), thereby con-
firming the immuno-dominant nature of this antigen.

Epitope mapping of TB10.4. The T-cell response against
TB10.4 was characterized in more detail by mapping the epi-
topes recognized. For this analysis the panel of nine overlap-
ping peptides (18 amino acids) covering the complete se-
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TABLE 1. Frequency of IFN-y-producing cells responding to
rTB10.4 and TB10.4 peptide mix in comparison to PPD as
determined by ELISPOT on two PPD-positive
BCG-vaccinated donors”

Donor 1 Donor 2
Antigen IFN-y concn Spots/10° IFN-y concn Spots/10°
(pg/ml) cells (pg/ml) cells
PPD 113,000 87 18,000 14
rTB10.4 51,000 39 7,000 5
TB10.4 mix 41,000 32 6,000 5

“ No antigen is included as a negative control. Antigens were tested in con-
centrations of 10 pg/ml.

quence of TB10.4 was used to stimulate T-cell lines derived
from human TB patients. The peptides were used either as
single peptides or in pools covering the full-length protein.
The pattern of the T-cell proliferation after stimulation with
TB10.4-derived peptides was heterogeneous (Fig. 2) in the
sense that almost all peptides were recognized by at least one
T-cell line (SI > 5), and in some cases the T-cell lines recog-
nized multiple peptides throughout the sequence.

The specificity of the T-cell responses to TB10.4 peptides
was compared for TB patients and BCG-vaccinated donors.
PBMC from nine TB patients and nine healthy BCG-vacci-
nated donors were stimulated with the individual peptides and
a mixture of all overlapping peptides covering the complete
sequence of TB10.4.

The response induced in PBMC by the TB10.4-derived pep-
tides were, as with the T-cell lines, highly heterogeneous (Fig.
3). The profile of T-cell responses to the TB10.4-derived pep-
tides further demonstrated the presence of interindividual dif-
ferences in the epitope recognition (Fig. 3).

Almost all peptides (with peptide 8 as an exception) induced
high IFN-y responses in at least one donor, and most donors
recognized multiple peptides throughout the sequence (Fig. 3).
The magnitude of the IFN-y response to the dominant peptides
was in many cases comparable to or even greater than the level
induced by the peptide mixture and thus the recombinant protein.

The tendency found was that TB patients recognized a
broader panel of epitopes than the BCG-vaccinated healthy
donors. Donors in the BCG-vaccinated group had responses
focused to one or two peptides (Fig. 3), whereas the TB pa-
tients often recognized several peptides and, for some donors,
as many as six peptides. The overall dominant epitope for both
groups was located at the N-terminal end of the protein (amino
acids 1 to 18), and this region gave significant PBMC responses
in the majority of the TB patients (eight of nine) and BCG-
vaccinated donors (five of nine) (Fig. 3), whereas the recogni-
tion of this peptide was less pronounced when we analyzed
T-cell lines (Fig. 2). In TB patients, p2 (amino acids 11 to 29)
and p9 (amino acids 78 to 96) were also strongly recognized by
several donors, with responses of >1,000 pg of IFN-y/ml.

th10.4 subfamily: homology and distribution. To identify
other genes closely related to t610.4 on the genome of M. tu-
berculosis and other mycobacterial species, a Southern blot
analysis was performed. Genomic DNA from a number of
mycobacterial strains was digested with Pvull and probed with
th10.4. This analysis resulted in three cross-hybridization bands
in lanes corresponding to M. tuberculosis H37Rv, M. bovis, M.
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FIG. 2. Individual proliferative responses of six T-cell lines (gener-
ated from blood from TB patients) stimulated with single TB10.4
peptides, TB10.4 peptide mixture, or recombinant TB10.4 (rTB10.4).
T-cell lines were driven with either PPD (TCL1) or STCF (TCL2-6).
Results are given as SI values (i.e., mean cpm in the presence of
antigen/mean cpm without antigen). The maximum stimulation in the
presence of either 1 or 5 pg of antigen/ml is given. Responses that are
>5 SI (dotted line) are regarded as positive.
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FIG. 3. Individual IFN-y responses of nine TB patients and nine BCG-vaccinated healthy donors stimulated with single TB10.4 peptides or
TB10.4 peptide mixture. Each symbol represents one donor. The maximum stimulation in the presence of either 1 or 5 ug of antigen/ml is given.
Mean values (solid bars) are indicated. Responses of >200 pg of IFN-y/ml (dotted line) are regarded as positive.

bovis BCG Danish, M. bovis BCG Pasteur, and M. kansasii
(Table 2). In the more distantly related strains M. avium and
M. intracellulare, we only observed one band, and in M. scrofu-
laceum, M. fortuitum, and M. szulgai no hybridizing bands were
detected (Table 2).

Since no internal Pvull sites are present in the tb10.4 gene,
this result suggested that tb10.4 was present in more than one
copy on the genome of the species in the M. tuberculosis com-
plex. This finding was confirmed by BLAST searches in the
M. tuberculosis H37Rv sequence database Tuberculist (http:
//genolist.pasteur.fr/TubercuList/), which identified two ORFs
that were highly homologous to th10.4 (on the DNA and amino
acid levels). One ORF (Rv3019c) was 84% identical to th10.4
(247 of 291 bp), and the other ORF (Rv3017c) shared 74%
sequence identity to tb10.4 (156 of 206 bp at the 5’ end). To-
gether, these molecules constitute the TB10.4 subfamily (Fig. 4
and Table 3).

Furthermore, in agreement with the Southern blot analysis,
a BLAST search of t610.4 in the incomplete sequence data-
bases of M. bovis (http://www.sanger.ac.uk) and the M. tuber-
culosis clinical isolate CSU#93 (http://www.tigr.org/tdb/) iden-
tified the presence of three TB10.4 family members (Tables 2
and 3). The corresponding protein sequences of TB10.4,
TB10.3, and TB12.9 in CSU#93 and M. bovis were 100%
identical to the H37Rv sequences except for the TB12.9 se-
quence of M. bovis, which was only 88.4% identical (Table 3).

Additionally, a search in the incomplete sequence database
of the M. avium genome (http://www.tigr.org/tdb) identified
only one ORF with high homology to tb10.4 (Table 2). This
OREF was not identical to any of the three family members but
had high homology to especially t610.3 and tb10.4 (Table 3).

The results from the two approaches thus correlate well, and
it is apparent that the TB10.4 family is conserved in the species
belonging to the M. tuberculosis complex and species closely
related to this one (e.g., M. kansasii), whereas only one candi-
date is present in the M. avium complex, and the rest of the
strains lack this family completely.

T-cell recognition of TB10.4 family members. The fine spec-
ificity of the human T-cell recognition of the three closely

related TB10.4 family members was analyzed by screening of a
panel of overlapping peptides covering the complete sequences
of TB10.3, TB10.4, and TB12.9 (Fig. 4).

PBMC from eight donors (four TB patients and four BCG-
vaccinated donors) were used to compare the responses to the
three sets of peptides (Fig. 5). Although the molecules exhibit
a significant sequence homology, the recognition patterns
found in the eight donors were quite different. The peptides
from TB10.4 stimulated the largest responses, with IFN-y lev-
els to a single peptide in the range of 3,500 to 7,000 pg/ml (e.g.,
pl [amino acids 1 to 18] in BCG3 and p3 [amino acids 21 to 38]
in BCG1). For these donors with responses focused to one
particular region, some recognition of the corresponding re-
gion in the other family members was found but, in general,
minimal changes in the sequence translated into large differ-
ences at the stimulation level found with these peptides. In the
highly conserved N-terminal region, the substitution of two
amino acids—i.e., amino acids 12 and 13 (Leu-Gly substituted

TABLE 2. Interspecies distribution of the tb10.4 family members

No. of tb10.4
family members”

Strain

M. tuberculosis H3TRV....ccoveeeeieeirieeeieieeesieeenesieeesssseens
M. tuberculosis clinical isolate CSU#93.

BCG PaSTEUT ..ottt
M. kansasii .....

M. intracellulare
M. ATIIUIT ...ttt
M. SCIOfUIACEUNNL. ...t
M. fortuitum
M. SZUIGAT. ...

“ Determined by Southern blot analysis.

b Verified by database searches (http://www.sanger.ac.uk/Projects/M
_tuberculosis/blast_server.shtml, http://www.sanger.ac.uk/Projects/M_bovis
/blast_server.shtml, http://www.tigr.org/cgi-bin/BlastSearch/blast.cgi?organism
=m_avium).

¢ Determined by database searches (http://198.76.161.137/cmr-blast/index.cgi
?database=GMT.pep).
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FIG. 4. Amino acid sequences of the TB10.4 family members (TB10.4, TB10.3, and TB12.9). Sequences of overlapping peptides are given
below. Residues shown in black boxes indicate differences from the sequence of TB10.4.

with Met-Ala)—in peptide 1 in TB10.3 reduced the IFN-y
release from BCG3 almost 10-fold, and changing four amino
acids in the corresponding peptide from TB12.9 (Leu-Gly-His-
Ala substituted with Trp-Ala-Asn-Val) completely ablated the
recognition. Similarly, a substitution of three amino acids in
peptide 6 (amino acids 54, 57, and 63) almost completely
ablated the strong recognition of this epitope by PT3. The
epitope mapping also resulted in the identification of a number
of epitopes unique for TB10.3 such as peptide 8 (residues 71 to
90) in PT1 and BCG2. TB12.9 is the least similar among the
three molecules, in particular due to the presence of an extra
51 C-terminal amino acids. This part of the molecule, which is
lacking completely from TB10.4 and TB10.3, was also found to
contain unique epitopes, especially peptide 8, recognized by
two donors (BCG2 and PT4).

An analysis of the three molecules on four T-cell lines indi-
cated that epitopes shared between all three molecules existed
(results not shown). One T-cell line recognized peptide 3 of all
three family members. The response was comparable when

stimulated with peptide 3 of TB10.4 and TB10.3 but was lower
when stimulated with the corresponding peptide of TB12.9.

DISCUSSION

Data from several laboratories have demonstrated the vac-
cine potential of antigens secreted by M. tuberculosis, and high-
resolution separation techniques have identified molecules in
the low-molecular-mass region of culture filtrate (masses of
<15 kDa) to be of particular relevance (2). Antigen discovery
efforts from several laboratories have in recent years resulted
in the identification of a number of these low-molecular-mass
antigens (Mtb8.4 [1]; Mtb12 [20]; GroES, CFP10 [4]; TB10.4
[17]; Mtb9.9 [1]; alpha chrystallin, CFP6 [5]; TB7.3 [17]; and
TB9.8, TB9.4, TB11.0, and TB11.2 [14]). In analyses of these
molecules, it is striking that a significant number of them were
found to be located in one mycobacterial protein-gene family—
the esat-6 family. This family consists of at least 14 low-mass
proteins with some homology to ESAT-6 and a defined geno-

TABLE 3. Biochemical properties of the TB10.4 family members”

Homologous protein in:

No. of aa/ Molecular % Homology

. c jod iumed
Gene Antigen no. of bases  mass (kDa) pl t0 TB10.45 CSU#93 M. bovis M. avium
Status TIGR ID % Homology  Status % Homology  Status % Homology
Rv 0288 TB10.4 96/291 10.391 4.43 100 (96/96) Yes, MT0301 100 (96/96) Yes 100 (96/96) Yes' 79 (76/96)
Rv3019c  TB10.3 96/291 10.313 42 84 (81/96) Yes, MT3104 100 (96/96) Yes 100 (96/96) Yes' 80 (77/96)
Rv3017c  TBI12.9 120/363 12.923 7.92 65 (45/69) Yes, MT3097 100 (120/120)  Yes 89 (107/120)  No 62 (44/70)

¢ aa, amino acids. Numbers in parentheses refer to the number of homologous amino acids/total number of amino acids.
® Determined by database BLASTP searches at http://www.sanger.ac.uk/Projects/M_tuberculosis/blast_server.shtml.

¢ Determined by database BLASTP searches at http://198.76.161.137/cmr-blast/Index.cgi?database=GMT.pep. TIGR ID refers to the TIGR database identification

number.
4 Determined by database BLASTP searches at http://www.sanger.ac.uk/Projects/M_bovis/blast_server.shtml.
¢ Determined by database BLASTP searches at http://www.tigr.org/cgi-bin/BlastSearch/blast.cgi?organism=m_avium.

/Only one copy of the TB10.4 family is present in M. avium (Table 2). It is not possible to determine if this protein is the homologue of TB10.4 or TB10.3.
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FIG. 5. Individual IFN-vy responses of four TB patients and four BCG-vaccinated healthy donors stimulated with the single peptides TB10.4,
TB10.3, and TB12.9 or with mixtures of these peptides. The maximum stimulation in the presence of either 1 or 5 pg of antigen/ml is given. Each
column represents one donor, and each row represents one antigen. Responses of >200 pg of IFN-y/ml (dottedt line) are regarded as positive.

mic organization. With the proteins described here, a total
of 10 proteins (ESAT-6 [15], CFP10 [17], MTB9.9A-E [1],
TB10.4 [17], TB10.3, and TB12.9) from this family have now
been published as strongly recognized T-cell antigens.

In the present study we describe the identification and im-
munological evaluation of the TB10.4 family, consisting of
TB10.3, TB10.4, and TB12.9, as a new subfamily of the esat-6
family. We used synthetic peptides to identify and compare the
epitopes recognized in these proteins and found that especially
TB10.4 contained a number of strongly recognized T-cell epi-
topes distributed throughout the protein sequence. The major

epitopes recognized at the PBMC level were located in the
N-terminal part of the molecule, but this region was less fre-
quently recognized by T-cell lines, which may suggest that the
skewing of responses occurs during in vitro propagation of a
T-cell line. TB10.3 and TB12.9 were in general less antigenic
than TB10.4 but contained T-cell epitopes, several of which
were unique to these proteins. Sharing of the major T-cell
epitopes by these proteins would be expected based on their
highly homologous amino acid sequence, but the present study,
together with recent observations from Alderson et al. (1),
clearly demonstrate that the highly homologous proteins from
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the esat-6 family (Mtb9.9 and TB10.4 subfamilies) contain pre-
dominantly protein-specific epitopes and that shared epitopes
are an exception. This finding underlines the highly specific
binding of peptides to HLA-class II molecules and demon-
strates that a difference of just one amino acid at critical po-
sitions may have dramatic consequences for T-cell recognition.

Expression of TB10.4 has been verified by N-terminal se-
quencing of the corresponding protein spot in a two-dimen-
sional gel of a M. tuberculosis short-term culture filtrate frac-
tion enriched in monoclonal antibody PV-2 (a monoclonal
antibody that recognizes TB10.4) reactive protein (17). Al-
though not formally demonstrated, the recognition of a num-
ber of unique epitopes on TB10.3 and TB12.9 also strongly
suggests that these proteins are expressed by the bacteria dur-
ing TB infection.

Pathogenic organisms will often use sequence polymorphism
of highly immunogenic proteins to escape the host’s immune
defenses (9, 10, 16). This is not the case for M. tuberculosis as
recently demonstrated by Musser et al. (11) and Streevatsan et
al. (19), who found negligible sequence diversity in a large
number of M. tuberculosis genes encoding important antigens
recognized by the host immune system. This finding is in agree-
ment with the recent finding of a lack of sequence diversity in
the TB10.4 sequence originating from 13 clinical isolates of
M. tuberculosis obtained from different geographical locations
(unpublished observations).

An interesting possibility is that M. fuberculosis may com-
pensate for this lack of sequence polymorphism by having
duplicated the genes encoding major T-cell antigens, leading to
several copies (homologues) of proteins that can substitute
each other functionally but which differ in their immunodom-
inant epitopes. Tightly controlled expression of these homo-
logues may result in antigen variation and immune evasion.
This hypothesis may be relevant for the whole esat-6 family,
since the genomic organization of these proteins suggests that
these proteins have similar functions. Apart from the esat-6
family, the immunodominant molecules within the antigen 85
complex in which the three molecules presumably have the
same function in living bacteria could be examples of this
phenomenon as well. In this regard, the TIGR database de-
fines the three tb10.4 family genes plus esat-6 as one paralo-
gous gene family (http:/www.tigr.org), meaning that these
genes possibly have been duplicated in M. tuberculosis during
evolution. These duplication events may even involve whole
clusters of genes, including regions surrounding the esat-6 fam-
ily members such as PE and PPE genes as suggested by Cole et
al. (7)

The lack of sequence homology to proteins and genes from
other organisms illustrates that esat-6 family members have
Mycobacterium-specific functions, and the need for several
copies of the same gene may indicate that the genes encode
function(s) of crucial importance for bacterial survival in the
host. Using differential display for comparison of gene expres-
sion in M. tuberculosis H37Rv and the avirulent H37Ra, Rindi
et al. (13) showed that TB10.4 was produced in the virulent
strain but not in the avirulent strain, suggesting that this pro-
tein or gene may be involved in functions important for M.
tuberculosis virulence. The presence of this gene in BCG
(which is deleted of the esat-6—cfp10 operon) illustrates that
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attenuation can be obtained through the inactivation of various
combinations of these different genes.

The availability of the M. tuberculosis genome and the
current efforts to sequence a large number of additional
mycobacterial genomes has set the stage for postgenomic ap-
proaches to the identification of novel antigens. The identifi-
cation and characterization of protein-gene families is a very
important outcome of these initiatives. If the gene families
contain components that can substitute for each other func-
tionally and represent mechanisms for immune evasion, the
finding of markedly different epitope recognition of the indi-
vidual components, as observed in the present study, may have
important consequences for vaccine design. The extreme con-
sequence may be that a successful TB vaccine will have to
promote an immune response not only to a selected target
antigen such as TB10.4 but also to epitopes characteristic for
the rest of the closely related gene family. We are currently
conducting experiments to address this important question.
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