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Results of previous studies utilizing bioinformatic approaches in antigen-mining experiments revealed that
secreted proteins are among the most frequently recognized antigens from Mycobacterium bovis. Thus, we
hypothesized that the analysis of secreted proteins is likely to reveal additional immunogenic antigens that can
be used to increase the specificity of diagnostic tests or be suitable vaccination candidates for mycobacterial
infections. To test this hypothesis, 382 pools of overlapping peptides spanning 119 M. bovis secreted and
potentially secreted proteins were screened for the ability to stimulate a gamma interferon response in vitro
using whole blood from tuberculin-positive reactor (TB reactor) cattle. Of the 119 proteins screened, 70 (59%)
induced positive responses in the TB reactor animals to various degrees. Strikingly, all but one of the 15
ESAT-6 proteins tested were recognized by at least 30% of the TB reactor animals, with 12 of the 22 most
commonly recognized antigens belonging to this protein family. Further analysis of these data demonstrated
that there was no significant difference in immunogenicity between the ESAT-6 proteins that were components
of potentially intact ESX secretory systems and those corresponding to additional partial esx loci. Importantly
for vaccine design, antigenic epitopes in some highly conserved regions shared by numerous ESAT-6 proteins
were identified. However, despite this considerable homology, peptide-mapping experiments also revealed that
immunodominant peptides were located in regions of amino acid variability.

The incidence of bovine tuberculosis (BTB), a zoonotic in-
fection in cattle caused by Mycobacterium bovis, has been
steadily rising in Great Britain over the last 20 years despite the
current “test and slaughter” control policy (13). The desire for
an effective cattle vaccine to help control the spread of infec-
tion has been acknowledged by the British government. To
date, the only available vaccine for BTB is M. bovis bacillus
Calmette-Guérin (BCG), which has shown various degrees of
efficacy in cattle (6, 8, 35). Recent developments show that,
using a heterologous prime-boost vaccine strategy, the efficacy
of BCG vaccination is significantly improved following boost-
ing with DNA (24), protein (36), or virus (30–32) subunit
vaccines. However, vaccination with BCG results in sensitization
of animals to bovine tuberculin and compromises the single in-
tradermal comparative tuberculin test (SICCT) currently used for
diagnosis of BTB. Thus, the identification of novel immunogenic
proteins for use as vaccine candidates and/or as reagents in diag-
nostic tests able to differentiate M. bovis-infected and uninfected
vaccinated animals is of high research priority.

A longstanding concept in tuberculosis research is that ac-
tive secretion of antigenic proteins by mycobacteria induces
strong cellular immune responses in the host. Indeed, in our
own antigen-mining experiments with M. bovis-infected cattle,
we have previously observed that secreted proteins in general,

and members of the ESAT-6 protein family in particular, are
among the most frequently recognized antigens from M. bovis.
The ESAT-6 protein family comprises 23 small proteins (ap-
proximately 100 amino acids) that show amino acid sequence
similarity to either ESAT-6 or CFP-10, proteins encoded by
the adjacent esxA and esxB genes, respectively, which are lo-
cated at the ESX-1 locus. The genes encoding the 23 proteins
that constitute the ESAT-6 family are dispersed throughout
the genome, with the genes for 10 members located within the
ESX-1 to ESX-5 loci; the genes encoding the other 13 mem-
bers are not located within ESX loci 1 to 5. The ESX loci
are thought to have originated through multiple duplication
events, beginning with the ESX-4 locus (16).

Of all the members of the ESAT-6 protein family, ESAT-6
and CFP-10 have been the most extensively investigated. Al-
though lacking classical signal sequences, ESAT-6 and CFP-10
can be isolated from M. tuberculosis culture filtrate (7, 27) and
are thought to be secreted via the ESX-1/type VII secretion
system (3). ESAT-6 and CFP-10 form a stable, fully folded
structure only when present as a heterodimer (23), the forma-
tion of which appears to be crucial for their secretion (17).
Given that Rv0287 and Rv0288 (two ESAT-6 proteins that
show homology to CFP-10 and ESAT-6, respectively) also
form a heterodimer (20), it has been suggested that this may be
a general, characteristic feature of all ESAT-6 couplets. Both
ESAT-6 and CFP-10 have been demonstrated previously to be
strong immunogens in numerous infection models, including
humans (18, 22, 29), mice (5), cattle (2, 21), and guinea pigs (1,
15, 26). Furthermore, immune responses directed against
other ESAT-6 proteins have been identified in M. bovis-in-
fected cattle (1, 2, 12, 19). Lastly, antigenic epitopes in several
ESAT-6 proteins have also been characterized in human stud-
ies (4, 25), although these experiments were performed with a
limited number of individuals.
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The aim of the present study is to investigate the immuno-
genicity of potential M. bovis secreted antigens by using a cattle
model of M. bovis infection. Pools of overlapping peptides
representing the ESAT-6 protein family and a complete list of
potentially secreted M. bovis antigens identified through
in silico analysis of M. tuberculosis H37Rv were assessed for
the ability to induce gamma interferon (IFN-�) production in
whole-blood assays. In addition, IFN-� responses to individual
peptides were evaluated to identify the immunodominant
epitopes within antigenic proteins.

MATERIALS AND METHODS

Selection of secreted proteins. One hundred nineteen secreted or potentially
secreted proteins were selected for antigen screening (see Table S1 in the
supplemental material). Candidate proteins were chosen based on (i) the pres-
ence of signal sequences (e.g., Rv0192A and Rv0559c, etc.), (ii) linkage to ESX
loci (e.g., Rv3449 and Rv3883c, etc.), (iii) membership in the ESX family (e.g.,
Rv1197 and Rv1198, etc.), or (iv) prior evidence of secretion given in the
literature (e.g., Rv1435c and Rv0867c). Although encoded by regions deleted in
M. bovis, the ESAT-6 proteins Rv2347c, Rv3619c, and Rv3620c were included in
experiments investigating cross-reactive responses (see Fig. 1, 2, and 3) due to
their close sequence similarity to other ESAT-6 proteins expressed in M. bovis.
The full list of screened proteins is shown in Table S1 in the supplemental
material.

Cattle. All animals were housed at the Veterinary Laboratories Agency at the
time of blood sampling, and procedures were conducted within the limits of a
United Kingdom Home Office license, issued under the Animal (Scientific Pro-
cedures) Act 1986, which was approved by the local ethical review committee.
Heparinized blood samples were obtained from 19 naturally infected, SICTT-
positive reactors in herds known to have BTB based on postmortem examination
and M. bovis culture from tissues. Heparinized blood samples were also obtained
from four animals who were experimentally infected ca. 6 months earlier with an
M. bovis field strain from Great Britain (AF 2122/97) by intratracheal instillation
of 103 CFU as described previously (11). A detailed postmortem examination of
the 23 tuberculin-positive reactor (TB reactor) animals revealed visible tuber-
culosis lesions in all but two animals, confirming the presence of active disease.

Production and preparation of peptides and antigens. Peptides representing
the selected antigens were commercially produced using the JPT system of
membrane-based high-throughput peptide synthesis (JPT Peptide Technologies
GmbH, Berlin, Germany). Peptides were synthesized in pools of 20-mers over-
lapping by 12 amino acids for each of the genes of interest; some genes were
represented by more than one pool of peptides. In total, 382 peptide pools
containing a total of 4,162 peptides were evaluated. These peptide pools were
dissolved in RPMI 1640 (Gibco, United Kingdom) containing 20% dimethyl
sulfoxide (DMSO) to obtain a concentration of 1 mg of each peptide/ml, and the
peptide pools were used to stimulate whole blood at a final concentration of 5 �g
of each peptide/ml. Peptides in the pools corresponding to some antigens were
synthesized individually by Mimotopes Pty. Ltd. (Clayton, Australia), dissolved
in RPMI 1640 containing 20% DMSO to obtain a concentration of 5 mg/ml, and
used individually to stimulate whole blood at a final concentration of 10 �g/ml.

Bovine tuberculin purified protein derivative (PPD-B) was supplied by the
Tuberculin Production Unit at the Veterinary Laboratories Agency, Weybridge,
Surrey, United Kingdom, and was used at a final concentration of 10 �g/ml.
Peptides from ESAT-6 and CFP-10 were formulated to obtain a peptide cocktail
as described previously (33) and were used at a final concentration of 5 �g of
each peptide/ml. This peptide cocktail was used as a “gold standard” with which
to compare the immunogenicities of the other antigens. Staphylococcal entero-
toxin B (Sigma-Aldrich, United Kingdom) was included as a positive control at
a final concentration of 1 �g/ml, while whole blood was incubated with RPMI
1640 alone as a negative control.

IFN-� ELISA. Whole-blood aliquots (250 �l) were added in duplicate to
antigen in 96-well plates, and the plates were incubated at 37°C in the presence
of 5% CO2 for 24 h, after which plasma supernatants were harvested and stored
at �80°C until required. Quantification of IFN-� in the plasma supernatants was
performed using the Bovigam enzyme-linked immunosorbent assay (ELISA) kit
(Prionics AG, Switzerland). A result was considered positive if the optical density
at 450 nm (OD450) with antigen minus the OD450 without antigen (�OD450) was
�0.1 for both of the duplicate wells (9, 19, 39).

RESULTS AND DISCUSSION

To test the hypothesis that M. bovis secreted proteins are
likely to be highly immunogenic, 382 pools of peptides span-
ning a total of 119 secreted or potentially secreted proteins
(see Table S1 in the supplemental material) were screened for
the ability to stimulate an IFN-� response in vitro by using
whole-blood samples from TB reactor cattle (19 naturally in-
fected and 4 experimentally infected animals). Samples from
all TB reactor animals responded to PPD-B, while samples
from 22 of the 23 animals (96%) also responded to the ESAT-
6–CFP-10 peptide cocktail, results similar to those reported
previously (9). Of the 119 secreted proteins, 49 (41%) failed to
induced a positive response in any of the animals studied, while
the remaining 70 (59%) were recognized to various degrees,
with responder frequencies ranging from 4 to 65%. Strikingly,
of the top 22 antigens, i.e., those that induced an IFN-� re-
sponse in approximately 40% or more of the TB reactor ani-
mals, 12 belonged to the ESAT-6 family of proteins (Table 1).
Indeed, of the 15 ESAT-6 proteins tested, all but 1 were rec-
ognized by at least 30% of the TB reactor animals.

Five tandem esx genes are located within ESX-1 to ESX-5
loci, which encode novel type VII secretion systems responsi-
ble for the export of ESAT-6 family proteins, as well as other
proteins (14). The type VII machinery encoded at these loci
includes ATP-binding proteins, subtilisin-like membrane-an-
chored cell wall-associated serine proteases, putative ABC
transporters, and other amino-terminally membrane-associ-
ated proteins (28). However, the secreted substrates corre-
sponding to each particular ESX locus have yet to be defined.
Furthermore, six tandem esx genes are located outside the
ESX-1 to ESX-5 loci, raising questions as to how, or if, their
encoded proteins are secreted (16). In light of this, we were
interested in whether the ESAT-6 family proteins were more
frequently recognized if they were expressed as components of
potentially intact secretory systems (ESX-1 to ESX-5) than if
they were encoded by the partial esx loci. When the results
presented herein were combined with immunogenicity data
from previous experiments, no significant statistical differences
in the levels of immunogenicity of the ESAT-6-like proteins
when grouped accordingly were observed (Table 2) (P � 0.6;
Mann-Whitney test). Interestingly, Rv2346c induced an IFN-�
response in more than half of the animals studied, despite the
fact that its binding partner Rv2347c is deleted in M. bovis.
Thus, these data suggest that the immunogenicity of the
ESAT-6 family proteins was not inherently dependent on their
inclusion as components of distinct intact secretory systems.

Based on their predicted amino acid sequences, members of
the ESAT-6 protein family can be divided into three distinct
subgroups: (i) the Mtb9.9 subfamily (consisting of Rv1037c,
Rv1198, Rv1793, Rv2346c, and Rv3619c) (4); (ii) the QILSS
subfamily (consisting of Rv1038c, Rv1197, Rv1792, Rv2347c,
and Rv3620c) (10); and (iii) the TB10.4 homologs (consisting
of Rv0288, Rv3019c, and Rv3017c) (25). Given the high degree
of amino acid similarity and the fact that immunogenicity was
not dependent on the inclusion of the proteins in distinct ESX
secretory systems, we speculated that the immune response to
these antigens was, in part, driven by the recognition of anti-
genic epitopes located in conserved regions shared among nu-
merous proteins, effectively increasing the antigenic load of
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these epitopes. Indeed, when we tested this hypothesis using
peptide pools from the ESAT-6 proteins Rv3619c, Rv2347c,
and Rv3620c, whose genes are deleted from the M. bovis genome,
with blood samples from TB reactor animals, we were able to

demonstrate strong immune responses directed against the pep-
tides (Table 1 and data not shown). Therefore, we next investi-
gated whether these immune responses were directed to con-
served or nonconserved epitopes located within the ESAT-6
family proteins. To this end, the overlapping peptides contained
within the peptide pools for the ESAT-6 family proteins were
screened individually for the ability to induce IFN-� production in
TB reactor animals. The ESAT-6 proteins Rv2347c, Rv3619c,
and Rv3620c, referred to above, were included as controls in
these experiments to identify any cross-reactive epitopes.

Representative results of the epitope-mapping experiments
for the Mtb9.9 subfamily antigens Rv2346c, Rv1793, Rv1198,
and Rv3619c are shown in Fig. 1. In general, numerous pep-
tides covering almost the entirety of the protein sequences
were recognized to various extents by the TB reactor animals.
Several of the peptides (peptides 26, 33, and 34) were located
in regions of 100% sequence identity among the four individ-
ual proteins (Fig. 1A, dashed boxes), suggesting that each
protein, when all are expressed simultaneously, may contribute
to the available overall epitope concentration, thus accounting
in part for the immunodominance of ESAT-6 family proteins.
However, other peptides were located in regions of sequence
diversity. In animals responsive to antigen Rv2346c, the most
frequently recognized peptide was peptide 42. Unsurprisingly,
given the high degree of sequence homology between Rv2346c
and Rv1793, the central region of Rv1793 also contains the
major immunodominant epitope for this peptide (peptide 42).
In comparison, both Rv1198 and Rv3619c contain a number of
amino acid substitutions within the region spanned by peptide
42 (Fig. 1B, amino acids 32 to 52), resulting in the complete
loss of the immunodominance of this portion of the proteins.

TABLE 1. Most frequently recognized M. bovis antigens

M. tuberculosis
designationa M. bovis designationb Size

(amino acids)
Responder

frequency (%) Antigen details

Rv3619c Deleted 94 70 ESAT-6-like protein 1 (ESXV)
Rv1038c Mb1067c 98 65 ESAT-6-like protein 2 (ESXJ)
Rv1197 Mb1229 98 61 ESAT-6-like protein 3 (ESXK)
Rv1792 Mb1820 98 61 ESAT-6-like protein (ESXM)
Rv2347c Deleted 98 61 ESAT-6-like protein 7 (ESXP)
Rv3020c Mb3046c 97 61 ESAT-6-like protein (ESXS)
Rv2346c Mb2375c 94 57 ESAT-6-like protein 6 (ESXO)
Rv3017c Mb3042c 120 57 ESAT-6-like protein 8 (ESXQ)
Rv3444c Mb3474c 100 57 ESAT-6-like protein (ESXT)
Rv1860 Mb1891 325 57 Immunogenic protein MPT32
Rv3803c Mb3833c 299 57 MPT51/MPB51 antigen protein FbpD
Rv1037c Mb1066c 94 48 ESAT-6-like protein (ESXI)
Rv1198 Mb1230 94 48 ESAT-6-like protein (ESXL)
Rv2780 Mb2802 371 48 L-Alanine dehydrogenase (TB43)
Rv3445c Mb3475c 125 43 ESAT-6-like protein (ESXU)
Rv0062 Mb0063 380 43 Possible cellulose CELA1
Rv0129c Mb0134c 340 43 Antigen 85 complex C
Rv3890c Mb3919c 95 39 ESAT-6-like protein (ESXC)
Rv3905c Mb3935c 103 39 ESAT-6-like protein (ESXF)
Rv2376c Mb2397c 168 39 Low-molecular-wt antigen CFP-2
Rv3666c Mb3690c 541 39 Probable dipeptide-binding lipoprotein DppA
Rv1886c Mb1918c 325 39 Antigen 85 complex B
Rv2518c Mb2547c 408 39 Probable conserved lipoprotein LppS
Rv1174c Mb1207c 110 39 Low-molecular-wt T-cell antigen TB8.4

a Rv designation for M. tuberculosis H37Rv protein. Boldface denotes ESAT-6 proteins.
b Mb designation for M. bovis AF 2122/97 protein. Proteins listed as being deleted are encoded by regions present in M. tuberculosis but not in M. bovis and were

included as controls to investigate cross-reactive immune responses.

TABLE 2. Responder frequencies for the esx locus proteins

Protein source
Responder frequency (%) fora:

CFP-10-like protein ESAT-6-like protein

Complete esx loci
ESX-1 locus 70 (Rv3874)b 80 (Rv3875)b

ESX-2 locus 30 (Rv3891c) 39 (Rv3890c)
ESX-3 locus 94 (Rv0287)c 75 (Rv0288)d

ESX-4 locus 43 (Rv3445c) 57 (Rv3444c)
ESX-5 locus 61 (Rv1792) 0 (Rv1793)

Mean � SEM 60 � 11 50 � 14

Regions of partial esx loci
Region 1 39 (Rv3905c) 30 (Rv3904c)
Region 2 61 (Rv3020c) 16 (3019c)e

Region 3 NAf 57 (Rv2346c)
Region 4 48 (Rv1198) 61 (Rv1197)
Region 5 65 (Rv1038c) 48 (Rv1037c)
Region 6 NAf NAf

Mean � SEM 53 � 6 42 � 8

a Designations of M. tuberculosis H37Rv proteins are given in parentheses.
b Information is from reference 33 and unpublished data.
c Information is from reference 19.
d Information is from reference 12 and H. M. Vordermeier, unpublished data.
e Information is from Vordermeier, unpublished.
f NA, not applicable. Rv2347c, Rv3620c, and Rv3619c are encoded by regions

deleted in M. bovis.
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FIG. 1. Epitope mapping of the Mtb9.9 subfamily. (A) Overlapping peptides covering proteins Rv2346c, Rv1793, Rv1198, and Rv3619c were
screened individually for the ability to stimulate IFN-� production in whole-blood cultures from TB reactor animals. The data represent the
responder frequencies for individual peptides among animals that recognized at least one peptide from each protein (the number of responding
animals and the total number of animals are given in parentheses). Regions of the proteins that share identical sequences are indicated by the
dashed boxes. The value above each bar denotes the mean �OD450 for the animal blood samples responding to the indicated peptide. (B) Amino
acid sequences of the specified proteins. Sequences in bold highlight the regions of the protein covered by peptide 57 (amino acids 9 to 28) and
peptide 42 (amino acids 33 to 52). Dots represent identical amino acids.
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Figure 1A also demonstrates that the peptide most frequently
recognized by animals responsive to Rv3619c was peptide 57.
However, despite differing at only one or two amino acid posi-
tions, the corresponding regions in Rv2346c and Rv1198 (peptide
27) and Rv1793 (peptide 74) were recognized far less frequently.
Given that Rv3619c is deleted in M. bovis, it remains unclear why
peptide 57 is recognized to such a degree in TB reactor animals,

although we can speculate that the amino acid substitutions seen
in this peptide may result in increased affinity of peptide 57 (com-
pared to that of peptide 27 or peptide 74) for bovine major
histocompatibility complex class II (MHC-II) molecules.

Similar results were observed for the QILSS subfamily of
ESAT-6 family proteins (Fig. 2). With the exception of the
N-terminal regions, numerous peptides spanning the majority

FIG. 2. Epitope mapping of the QILSS subfamily. (A) Overlapping peptides covering proteins Rv1038c, Rv3620c, Rv1197, and Rv2347c were
screened individually for the ability to stimulate IFN-� production in whole-blood cultures from TB reactor animals. The data represent the
responder frequencies for individual peptides among animals that recognized at least one peptide from each protein (the number of responding
animals and the total number of animals are given in parentheses). Regions of the proteins that share identical sequences are indicated by the
dashed boxes. The value above each bar denotes the mean �OD450 for the animal blood samples responding to the indicated peptide. (B) Amino
acid sequences of the specified proteins. The sequence in bold highlights the region of the protein covered by peptide 17.
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of the protein sequences were recognized to various extents by
the TB reactor animals, with many of these peptides located in
regions of 100% sequence identity among the proteins (Fig.
2A, dashed boxes). Peptide 17 was the most frequently recog-
nized peptide for animals responsive to antigen Rv1038c or
Rv3620c. However, peptides representing the single amino
acid change from threonine to alanine seen at position 58 in
both Rv1197 and Rv2347c (Fig. 2B) were less frequently rec-
ognized. Although there is a high degree of homology among
the ESAT-6 family proteins, several members of the family do
not cluster with any of the other proteins. Epitope mapping of
one such protein, Rv3020c, revealed the immunodominance of
the N-terminal region of this protein, spanned by peptide 55
(data not shown).

In addition to measuring the responder frequencies, we an-
alyzed the magnitudes of the IFN-� responses to the individual
peptides (indicated by the �OD450). High IFN-� levels were
detected in response to both frequently recognized peptides
(e.g., peptide 42) and those recognized to a lesser extent (e.g.,
peptide 75) (Fig. 1A), suggesting that the promiscuity of a
given peptide epitope and the magnitude of response to the
same peptide are not necessarily related.

The results of our peptide-mapping experiments revealed
that some of the most frequently recognized peptides were
located in regions of sequence diversity. It has been hypoth-
esized that the amino acid substitutions encoded by the
duplicated genes for the ESAT-6 protein family may allow
for antigenic drift, wherein the regulated expression of func-
tionally similar protein homologs that differ in their immu-
nodominant epitopes results in antigen variation and im-
mune system escape (25). Thus, we investigated the abilities
of animals responsive to peptide 42 (contained in Rv2346c
and Rv1793) to recognize the corresponding peptides from
Rv1198 and Rv3619c (peptides 30 and 60, respectively). Our
results show that of the 11 animals that recognized peptide
42, none responded to peptide 30 and only 1 (9%) re-
sponded to peptide 60 (Fig. 3A). Similarly, of the five ani-
mals that recognized peptide 57, only two (40%) responded
to peptide 27 or peptide 74 (Fig. 3B), and of the six animals
that recognized peptide 17, only two (33%) responded to
peptide 23 (Fig. 3C). Taken together, these results suggest

that these protein-specific epitopes within the ESAT-6 pro-
tein family could be used in immune kinetic experiments to
study whether antigenic drift is a feature of the T-cell rec-
ognition of ESAT-6 family proteins.

The data presented herein reveal that the ESAT-6 family
proteins contain both major (immunodominant) and minor
antigenic epitopes. Furthermore, we have shown that major
immunodominant epitopes are located within regions of se-
quence diversity. Indeed, we have identified key amino acid
residues that may be critical for antigenicity, including (i)
threonine at position 58 for the QILSS subfamily, (ii) glycine
and serine at positions 22 and 23 for the Mtb9.9 subfamily, and
(iii) numerous other potential residues between positions 33
and 52 for the Mtb9.9 subfamily. The effect of the amino acid
composition at positions 22 and 23 on the antigenicity of the
Mtb9.9 proteins has been demonstrated previously in a human
study, in which T-cell lines specific for Rv1198 (which has
glycine and leucine at positions 22 and 23, respectively) failed
to recognize peptides from either Rv1793 (with alanine and
serine at positions 22 and 23, respectively) or Rv3619c (with
glycine and serine at positions 22 and 23, respectively) (4).
Thus, our results generated from a cattle model of M. bovis
infection may also have implications for M. tuberculosis anti-
genicity studies with humans.

We initially hypothesized that sequence homology could
lead to the immunodominance of ESAT-6 family members by
increasing the antigenic load. However, our results revealed
that the regions of homology were not strikingly more fre-
quently recognized than regions of greater variability. It is
possible that the homologous ESAT-6 family proteins are ex-
pressed in a sequential manner and that epitope concentration
for the homologous regions may not occur during natural in-
fection. Alternatively, the epitopes located in the more variable
regions of the proteins may demonstrate increased interaction
with bovine MHC-II molecules. By employing the virtual-matrix-
based prediction program ProPred, which we have shown previ-
ously to predict antigenic epitopes in M. bovis (34), we identified
predicted binding sequences in peptides from both homologous
and variable protein regions (data not shown). However, it still
remains possible that epitopes located in the variable regions
show greater affinity for bovine MHC-II molecules.

The results of the present study have several implications
with regard to vaccine design for mycobacterial infections.
Formulations containing proteins/peptides that target the an-
tigen-specific epitopes (e.g., peptides 17, 42, and 55) could be
complemented with those that target the homologous regions
shared among the different ESAT-6 family proteins (e.g., pep-
tides 16, 20, 26, and 33). Targeting these shared sequences not
only will reduce the number of different components within a
vaccine but also may exploit a potentially greater antigenic
load for these regions. One caveat, however, is that in this
study we have measured effector T-cell responses, and future
experiments may be required to ensure that appropriate mem-
ory T-cell responses are directed to these antigens. Lastly,
given that these proteins are also predicted to be secreted in M.
tuberculosis, the novel immunogenic antigens indentified
herein may be relevant for vaccines to control mycobacterial
infections in both cattle and humans.

FIG. 3. Recognition of protein-specific immunodominant epitopes.
Shown are the responder frequencies among peptide 42-responsive
animals (A), peptide 57-responsive animals (B), and peptide 17-re-
sponsive animals (C) for corresponding peptides from alternative
ESAT-6 proteins.
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