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Bovine tuberculosis is a major problem in many countries; hence, new and better diagnostic tools are
urgently needed. In this work, we have tested ESAT6, CFP10, PE13, PES, MPB70, TB10.4, and TB27.4 for their
potentials as diagnostic markers in field animals from Northern Ireland, Mexico, and Argentina, regions with
low, medium, and high prevalences of bovine tuberculosis, respectively. At all three sites, ESAT6 and CFP10
were superior diagnostic antigens, while their combination performed even better at the two sites where the
combination was tested, providing the best coverage for the detection of diseased populations. The high
sensitivity in the skin test reactor groups, combined with the high specificity in the tuberculosis-free groups,
indicated that a diagnosis could correctly be made for 85% of the infected animals, based on their responses
to these two antigens. Furthermore, TB10.4, PE13, and PE5 have the potential to supplement ESAT6 and
CFP10 in a future five-component diagnostic cocktail.

In recent decades, bovine tuberculosis (BTB) has been
spreading in cattle herds in several countries around the world
and is now a major problem in many countries or parts thereof.
This is the case, for example, in parts of the United Kingdom,
Argentina, and Mexico (2, 13, 17). Elsewhere, the disease
occurs sporadically, and even in officially tuberculosis (TB)-
free areas it can prove to be very difficult to eradicate biolog-
ically. BTB is a zoonotic disease; and although introduction of
milk pasteurization in developed countries dramatically re-
duced the rates of transmission of TB from cattle to humans
(20), the persistence of Mycobacterium bovis, the causative
agent of BTB, still accounts for up to 10% of the human cases
of tuberculosis in some parts of the world (12). Thus, the
persistence or an increase in M. bovis infections poses not only
a major economic problem but also an increased human health
risk, particularly in areas where human immunodeficiency vi-
rus and AIDS are endemic. Strict import and export regula-
tions and extensive movement restrictions, combined with skin
test and slaughter policies, have significantly reduced the inci-
dence of disease in certain circumstances. However, it is now
clear that more efficient diagnostic tools with increased speci-
ficity for eradication, control, and surveillance programs, as
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well as new and better vaccination strategies, are required to
control BTB in the future.

M. bovis-infected cattle primarily mount a cellular immune
response (cell-mediated immunity [CMI]) (28), and therefore,
skin testing with the bovine purified protein derivative (PPD)
(PPDB) has been used for many years in control programs.
Since it shares many antigenic components with avian PPD
(PPDA), the test readout can be compromised (3). For exam-
ple, calves exposed to environmental mycobacteria early after
birth show responses to PPDA within 6 weeks (8). Further-
more, skin testing requires immobilization of the animals
twice: for the injection of PPD and for the readout. Moreover,
it lacks objectivity, and in case of uncertainty it cannot be
repeated for 2 months due to desensitization. As a conse-
quence, blood-based diagnostic assays have been developed in
which an antigen’s ability to induce the cellular release of
cytokines, especially gamma interferon (IFN-vy), is measured
(36). To avoid specificity problems and at the same time have
a strong response in infected animals, the field validation of the
antigens selected for this in vitro assay is extremely important.
The diagnostic antigen selected should ideally accommodate
the possible application of the M. bovis bacillus Calmette-
Guérin (BCG) vaccine in the future (9). Genetic comparison
of M. bovis and a number of BCG strains has revealed several
large genomic regions in BCG strains that have been lost
during the attenuation process (5, 18); and because of their
theoretical lack of interference with a BCG vaccine, the pro-
teins encoded by these regions have received growing attention
as diagnostic antigens, especially antigens from region of dif-
ference (RD) RD1 (1, 10, 19, 26, 30). All studies have clearly
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TABLE 1. Characteristics of proteins used in this study
Protein M. bovis M. tuberculosis Present % Homology in M. avium Protein size Comment
Mb no.* Rv no.” in BCG subsp. avium® (no. of amino acids)
ESAT6  Mb3905 Rv3875 No 29 94 6-kDa early secretory antigenic target
CFP10 Mb3904 Rv3874 No 24 100 Exported protein cotranscribed with Rv3875
PEI13 Mb1227 Rv1195 Yes 54 99 PE family protein
MPB70  Mb2900 Rv2875 Yes 25 193 Major secreted immunogenic protein MPT70
TB10.4  Mb0296 Rv0288 Yes 79 96 Low-molecular-wt protein antigen 7
PES Mb0293 Rv0285 Yes 88 102 PE family protein
TB27.4  Mb3908 Rv3878 No 24 280 Conserved hypothetical alanine-rich protein

“ The numbering system for Mycobacterium bovis strain AF2122/97 was used (16).
® The Mycobacterium tuberculosis numbering system for laboratory strain H37Rv was used (11).
¢ TBLASTN with a blosum 62 scoring matrix. To allow homology searches in regions of low complexity, searches were done without a filter.

identified the two RD1 antigens ESAT6 and CFP10 as being
the most immune dominant of those tested with experimentally
infected cattle. Furthermore, both can be used to distinguish
between BCG-vaccinated and M. bovis-infected cattle (7, 33).

Previously, we have screened a panel of 28 carefully selected
mycobacterial antigens, including antigens from selected RDs,
for their diagnostic potential using experimentally infected an-
imals (1). In the present study, we have selected the four
best-performing antigens identified in the previous study and
added an additional known TB antigen and two representa-
tives of the large PE antigen family, members of which are
known to induce a cellular immune response (14). These seven
antigens were tested and compared as diagnostic markers by
using the IFN-y whole-blood-based assay against the PPDB-
PPDA set. The strategy was to determine their diagnostic
performance in the field with naturally infected cattle and
thereby identify antigens with the potential for use in a future
diagnostic cocktail. To take into account different epidemio-
logical backgrounds (genetic and environmental), the study
was carried out both with skin test-positive animals and with
animals from BTB-free areas in Argentina, Mexico, and
Northern Ireland, three countries with different incidences of
BTB.

MATERIALS AND METHODS

Selection of mycobacterial antigens for evaluation. Seven proteins among the
3,924 open reading frames of M. bovis were selected for testing (Table 1).
ESAT6, CFP10, TB10.4, and TB27.4 were primarily selected because they have
shown the highest sensitivities and specificities in a previous screening program
with experimentally infected animals (1). The three antigens (ESAT6, CFP10,
TB27.4) from RDI have extra specificity potential since they have no close
orthologues in most environmental strains. As an example, the closest ortho-
logues in the environmental mycobacterium Mycobacterium avium subsp. avium
have homologies of less than 30% (Table 1). The genes encoding these three
proteins have been lost early in the attenuation process of M. bovis BCG, and
none of the vaccine strains therefore express these proteins. MPB70 is a well-
known BTB antigen expressed at high levels in M. bovis and has been shown to
act as a potent T-cell antigen in cattle (25). It shares sequence similarity (>70%)
with MPBS83, another M. bovis antigen in cattle, but has no close orthologue in
most environmental species. PE13 and PES were selected after prescreening of
a subset of the 33-member M. bovis PE family (M. Govaerts, personal commu-
nication). The broad distribution and number of homologues within mycobac-
teria illustrate the importance of this family. PE13 has several paralogues in M.
bovis, with PE19, PE18, and PE31 being the closest ones, having identities of
>70%. PES has PE29 and PEI15 as its closest paralogues in M. bovis, with
identities of 80.4 and 65.7%, respectively. Both PE13 and PES5 are found in all
BCG vaccine strains and have orthologues in the environmental mycobacterium
M. avium subsp. avium strain (59 and 86% homologies, respectively) and should
theoretically be the two least-specific antigens of the seven antigens selected.

Antigen preparation and purification. ESAT6, CFP10, PE13, MPB70, TB10.4,
PES5, and, TB27.4 (Table 1) were prepared by growing 6 liters of transformed
Escherichia coli BL21 culture in Luria-Bertani broth to an optical density (OD)
at 600 nm of ~0.4 at 30°C, after which recombinant protein expression was
induced by either 1 mM isopropyl-B-p-thiogalactopyranoside or 0.3 M NaCl for
another 4 h. The bacteria were harvested, and the inclusion bodies were released
by disrupting the membrane with a mild detergent (B-PER; Pierce, Rockford,
IL). The inclusion bodies were washed three times in 100X diluted B-PER
solution. The recombinant proteins, found primarily in inclusion bodies for all
proteins, were dissolved in 50 to 100 ml 8 M urea—50 mM Na,HPO, (pH 8)
(buffer A) and metal affinity purified under denaturing conditions by exploiting
the six-His tag fused to the proteins. The dissolved proteins were bound to 20 ml
Talon column material (Clontech, Mountain View, CA) that had been preequili-
brated in buffer A and washed by alternating between 10 mM Tris HCI (pH
8.0)-60% 2-propanol (buffer B) and buffer A. Each preparation was washed
three times with 2 column volumes of buffer A and B a total of six times before
elution in buffer A supplemented with 200 mM imidazole. The eluted fractions,
run-through, and washes were analyzed by Coomassie blue staining of sodium
dodecyl sulfate (SDS)-polyacrylamide gels. Fractions containing recombinant
proteins were inspected, and the purest proteins were pooled. To allow anion-
exchange chromatography, the buffer was changed by dialysis against 25 mM Tris
HCI (pH 8.0)-3 M urea (buffer C) before being applied to a Mono Q column
(GE Healthcare, Denmark), washed with 5 column volumes of buffer C, and
eluted with a 0 to 1 M linear NaCl gradient made up in buffer C. All fractions
were again analyzed for recombinant proteins, and the purest fractions were
pooled. For the third, chromatography-based purification step, the buffer was
changed by dialysis against 25 mM acetic acid (pH 4.5)-3 M urea (buffer D), and
the sample was loaded onto an SP column (GE Healthcare), washed with 5
column volumes of buffer D, and eluted with a 0 to 0.5 M linear NaCl gradient.
The fractions were analyzed as described above; and pooled fractions were
concentrated 5 to 10 times, depending on their absorbance at 214 nm, to be
finally refolded by dialysis against 25 mM HEPES (pH 7.5)-10% glycerol-0.15 M
NaCl.

After purification and refolding, the protein concentration was measured by a
bicinchoninic acid test (Pierce) by using bovine serum albumin as the standard,
and the lipopolysaccharide content was determined by a kinetic turbidimetric
Limulus amebocyte lysate assay (Charles River Laboratories). No toxicity or
nonspecific stimulation was found for any of the antigens on naive murine
peripheral blood mononuclear cells when they were tested at concentrations up
to 10 pg/ml. To detect possible impurities, 50 pg of each recombinant protein
was evaluated by analytical reverse-phase high-pressure liquid chromatography
on a hydrophobic C, column (Grace Vydac, United Kingdom). After the pro-
teins, which were in refolding buffer, bound to the column, the recombinant
proteins were eluted with a linear 0 to 100% gradient of acetonitrile (Fig. 1A).
Protein visualization was done by separation on SDS-polyacrylamide gels, fol-
lowed by silver staining (Fig. 1B) and Coomassie blue staining and by Western
blotting of the same fractions with two different polyclonal anti-E. coli antibod-
ies. The optimal antigen concentration for the IFN-y release assay was deter-
mined by titrating all proteins against TB-free and experimentally infected cattle.
Based upon receiver operator curve (ROC) analysis, 4 pg/ml was selected as the
optimal concentration for all antigens tested.

Animal selection. (i) Skin test reactors. In all three countries, animals were
selected for study if they were reactors when they were skin tested with bovine
tuberculin, in accordance with national guidelines, 1 to 2 months before slaugh-
ter. In Northern Ireland, animals were considered positive if the single intra-
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FIG. 1. Quality control of CFP10. Fifty micrograms of recombinant protein was loaded onto reverse-phase C, columns and eluted by using a
linear acetonitrile gradient. The elution profile was monitored by continuously measuring the absorbance at 214 nm (mAU, milli-absorbance units)
(A). Over the 0 to 100% elution gradient, 20 fractions were collected and applied onto SDS-polyacrylamide gels, followed by silver staining. Lanes
M, SDS-polyacrylamide gel electrophoresis size marker (97, 66, 45, 31, 21, and 14 kDa); lanes 1 to 20, the 20 eluted fractions, respectively. Fraction
1 corresponds to 0% acetonitrile on the chromatogram, and fraction 20 corresponds to 100% acetonitrile (B).

dermal comparative test showed a PPDB testing bias (compared to the results of
PPDA testing) greater than 4 mm; in Mexico the PPDB bias had to be greater
than 6 mm, and in Argentina the animals were considered positive if the cervical
skin test with PPDB alone showed an increase in skin thickness greater than 5
mm. All animals were sampled for blood and nasal mucus 24 h before slaughter.
Subsequently, delayed-type hypersensitivity testing results and in vitro IFN-y
assay results were collated. Following slaughter, the retropharyngeal, mediasti-
nal, and bronchial lymph nodes from the skin test-positive animals were exam-
ined for the presence of tuberculous lesions; and samples from suspicious organs
were taken for confirmation by bacterial culture, PCR, and/or histopathology.
The results for all animals with lesions were confirmed in the second test. In
total, 124 animals were included in the skin test reactor group: 49 from Northern
Ireland, 39 from Argentina, and 36 from Mexico.

(ii) Negative controls. The main selection criteria for the negative controls
were that the herds came from BTB-free areas, with no history of tuberculosis
during the previous 10 years; that there had been two clear skin tests for each
herd; and that they all tested skin test negative 1 to 2 months before the blood
sample was taken. Forty-seven animals were included in this group: 20 from
Northern Ireland, 18 from Argentina, and 9 from Mexico.

Blood collection and IFN-y release assay. Blood samples were shipped to the
laboratories at ambient temperature and were processed within 10 h of collec-
tion. To measure the T-cell responses in whole-blood cultures after a 20-h in
vitro antigen stimulation, a commercial bovine IFN-y microplate enzyme-linked
immunosorbent assay (ELISA; Bovigam; Commonwealth Serum Laboratories,
Australia) was used according to the manufacturer’s instructions. Briefly, sam-
ples were collected from the jugular vein and placed into heparinized tubes, and
200 pl of blood was incubated in microplates, in duplicate for each antigen.
Single batches were used throughout the study for each antigen at each of the
three locations. The optimal antigen concentrations were determined by com-
paring the area-under-the-curve values obtained by ROC analysis at eight dilu-
tions points for BTB-infected and BTB-free animals (1), and the final concen-
tration was set at 4 ug/ml for all antigens tested. Negative control wells, to which
only phosphate-buffered saline (PBS) was added, were included for each animal
tested, as were as positive controls containing 1 pg/ml pokeweed mitogen (Sigma-
Aldrich, United Kingdom), before incubation in a humidified 5% CO, incubator
at 37°C for 20 h. Culture supernatants were pooled before measuring IFN-y
release by ELISA, since the coefficient of variation between duplicate wells had
previously been found to be less than 5% (1). The OD for the PBS controls,
which was usually approximately 0.1, was used to normalize individual readouts
and to calculate optical density indices (ODIs), where the results obtained by
antigen stimulation were divided by the results for the PBS-stimulated cultures.

Collection of nasal swabs. Nasal mucus samples were collected from cattle by
using either a sterile 13-cm wooden swab (Sterilin, United Kingdom) with a

compact cotton wool tip or a 50-cm homemade sterile swab made of aluminum
wire and gauze. The swabs were expunged into 5 to 10 ml of sterile PBS for
transport to the laboratory, where the supernatant was centrifuged at 4,000 X g
for 15 min to pellet the mycobacteria, if any were present.

DNA extraction from nasal swabs. Pellets from the nasal swabs were resus-
pended in 400 pl of 1X Tris-EDTA buffer and heated to 80°C for 30 min to
inactivate the bacteria in the samples before 50 pl of 10 mg/ml lysozyme were
added. The mixture was then incubated overnight at 37°C. On the next day, 100
wl of 10% SDS and 10 pl of 10 mg/ml proteinase K were added; and the mixture
was incubated for 10 min at 65°C before 100 pl of 5 M NaCl and 100 wl of
N-cetyl-N,N,N-trimethylammonium bromide-NaCl were added. The suspen-
sions were mixed thoroughly, incubated for 10 min at 65°C, treated with chlo-
roform-isoamyl alcohol (24:1; vol/vol), and centrifuged at 15,000 X g for 10 min.
The supernatants were transferred to fresh tubes, 0.6 volume of isopropanol was
added, and the DNA was precipitated by leaving the samples overnight at —20°C,
followed by centrifugation at 15,000 X g for 15 min. The pellets were washed
twice with 70% ethanol before finally being dried and resuspended in 20 pl of
water.

Mpycobacterium tuberculosis complex-specific PCR. By using 2 pl of the ex-
tracted DNA preparations and oligonucleotides 5'-CGTGAGGGCATCGAGG
TGGC-3' and 5'-GCGTAGGCGTCGGTGACAAA-3', which are specific for a
245-bp 1S6110 amplicon (21), touchdown amplification was performed with an
initial denaturation step at 96°C for 3 min, followed by eight cycles of 96°C for
1 min, annealing starting at 72°C for 1 min (decreasing by 1°C/cycle), and
extension for 1 min at 72°C. This initial touchdown amplification was followed by
30 cycles of 96°C for 1 min, 65°C for 1 min, 72°C for 2 min, with a final extension
at 72°C for 8 min.

Radiometric detection of Mycobacterium bovis in nasal mucus. The superna-
tant derived from the cotton wool swab was decontaminated with 6% NaOH and
2.9% sodium citrate. Acetyl-L-cysteine was also added as a decongestant to
solubilize the mucus. This preparation was mixed on a rotary mixer for 15 min at
15°C, and the volume was then adjusted to 10 ml with sterile PBS (pH 6.8). This
mixture was centrifuged at 3,000 rpm for 15 min, the supernatant was removed,
and the sediment was resuspended in 2 ml sterile PBS. If the sample was not used
immediately, it was stored at —20°C. The samples were inoculated into BACTEC
vials (BACTEC 460; Becton Dickinson, United Kingdom) to determine the
presence of viable mycobacteria. Five hundred microliters of the sample was
inoculated into each of two BACTEC vials containing 5 ml Middlebrook 7H12
with antibiotic supplement and polyethylene stearate. All cultures were incu-
bated at 37°C with a microenvironment of 5% CO,. Growth index readings were
obtained on days 7, 14, 21, 28, 42, 56, and 84. During the measurements, the vials
were in a 5% CO, microenvironment. When a growth index reading indicated
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FIG. 2. Whole-blood IFN-y release assay with single antigens.
Blood collected from skin test reactors (O) or TB-free animals (X) was
incubated with different mycobacterial antigens, and the amount of
IFN-vy released was measured by ELISA after 20 h of incubation in a
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the presence of organisms, Zichl-Neelsen staining was carried out to confirm the
presence of acid alcohol-resistant bacilli.

Data analysis. To evaluate their potential as diagnostic markers and inclusion
in a diagnostic cocktail, the performance characteristics of seven selected recom-
binant proteins were compared with those of PPDB and PPDA in the blood-
based CMI test. All animals in the skin test-positive groups were first included,
regardless of the results of the confirmatory test (Fig. 2 and 3). Since these data
were not normally distributed, the statistical analysis was carried out by using the
nonparametric Mann-Whitney test. Next, to calculate the sensitivity and the
specificity of each antigen, only skin test-positive animals that could be confirmed
to have BTB by the presence of lesions, bacterial culture, or PCR were included
in the infected group (Table 2). Due to the data distribution, the need for a single
cutoff in a practical application, ROC analysis profiles (GraphPad), and pub-
lished studies (24, 32), for all antigens tested an ODI value of 2 was selected as
the cutoff value to indicate a positive result.

RESULTS

Production and purification of recombinant mycobacterial
proteins. When all seven recombinant M. bovis proteins were
expressed in Escherichia coli BL21-SI under the transcriptional
control of the T7 promoter, all seven proteins formed insoluble
inclusion bodies. This insoluble state was exploited in the first
step of an extensive purification process, in which the bacteria
were lysed in mild detergent and the insoluble material was
pelleted and washed several times to remove the soluble E. coli
proteins. At this stage, the proteins were dissolved in an urea-
containing buffer and bound via the N-terminal His tag to a
metal affinity column. The proteins were washed extensively
before they were eluted from the column. The two final puri-
fication steps consisted of binding of the proteins first to an
anion column and second to a cation column, both of which
were washed and eluted with a linear salt gradient. The purity
of the final product was determined and analyzed by reverse-
phase high-pressure liquid chromatography (Fig. 1A), in which
the percent purity was calculated by integrating the peaks in
the chromatograms. To confirm and identify possible contam-
inants, the eluted fractions were separated on polyacrylamide
gels, followed by staining for visual inspection (Fig. 1B). All
seven proteins were found to have purities of at least 98% and
to be practically free of lipopolysaccharide (<0.01 endotoxin
unit/mg).

CMI responses to mycobacterial antigens at three test sites
with different prevalences. IFN-y assays were performed in
Northern Ireland, Argentina, and Mexico by using blood ob-
tained from tuberculin skin test reactors and from cattle orig-
inating from known tuberculosis-free herds. In each of the
three countries, the herds were selected from areas where BTB
was endemic and where skin test-positive herds were previ-
ously characterized by the disclosure of tuberculous lesions at
postmortem examination. Blood samples were obtained from
49, 39, and 36 skin test reactor animals from Northern Ireland,

humidified incubator at 37°C with 5% CO,. Samples were collected
from animals from Northern Ireland (A), Argentina (B), and Mexico
(C). The results are given as ODI units. Horizontal bars represent
median values. The numbers of animals were 49, 39, and 36 for reac-
tors in Northern Ireland, Argentina and México, respectively, and 20,
18, and 9 for TB-free animals from the three countries, respectively.
The data for the PPDB-PPDA group are calculated by subtraction of
the value for PPDA from the value for PPDB for a given animal.
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The numbers of animals from each location are as provided in the legend to Fig. 2. The data for the PPDB-PPDA group were calculated by

subtraction.

Argentinean, and Mexican farms, respectively, and from 20, 18,
and 9 nonreactor cattle in tuberculosis-free herds in the same
three countries, respectively. As expected, almost all the ani-
mals in the skin test-positive group at all three sites had strong
responses to PPDB, with median ODIs of 8.1 (Northern Ire-
land), 5.9 (Argentina), and 4.2 (México); and the responses
were significantly different from those of the skin test-negative
groups (P < 0.019, Mann-Whitney test). In several countries,
skin tests are implemented as a comparative test, in which the
reading for PPBA is subtracted from the reading for PPDB.
For this reason, the corresponding CMI groups were included
in this study (Fig. 2A to C). Animals in the skin test-negative
group from Northern Ireland in general had stronger re-
sponses against PPDA (median, 2.5 ODI units [data not

shown]) than the same groups from Latin America (median,
1.7 ODI units for both groups), but for all three sites the
median ODI for the skin test-negative group was higher for
PPDA than for PPDB, an indication that most animals had
been exposed to environmental mycobacteria.

When the skin test-positive and -negative groups were com-
pared, all recombinant antigens tested induced their highest
levels of IFN-y release in the Argentinean population, and
they were all able to discriminate the positive and negative
Argentinean groups (P < 0.026, Mann-Whitney test). In
Northern Ireland, the only recombinant protein that failed to
induce a significant difference between the skin test-positive
and -negative groups was TB27.4 (P < 0.121). Due to the
relatively low number of animals (n = 9) in the skin test-

TABLE 2. Regional differences in specificities and sensitivities based on a defined cutoff”

Northern Ireland Argentina Mexico Combined
Antigen Specificity Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Sensitivity

(%) (%) (%) (%) (%) (%) (%) (%)
PPDA 35 86 61 81 89 65 55 78
PPDB 45 91 78 75 89 90 66 84
ESAT6 100 59 78 94 100 40 91 69
CFP10 100 50 89 91 89 50 94 68
PE13 100 23 100 78 89 10 98 43
MPB70 90 36 83 56 100 5 89 36
TB10.4 100 45 94 50 ND? ND 97 48"
PES 100 27 89 56 100 25 96 39
TB27.4 100 14 56 72 100 5 83 36
ESAT6 + CFP10° 100 73 94 94 ND ND 97" 85"

“ Specificity and sensitivity are based on cutoff values calculated as two times the ODI for each antigen and country. Only data from confirmed cases were used.
Comfirmatory assays were lesion analysis, bacterial culture, or PCR analysis. n = 22 for Northern Ireland, n = 34 for Argentina, and n = 21 for Mexico.

> Based only on data from Northern Ireland and Argentina.

¢ The ESAT6 and CFP10 antigens were tested together in the same well (one-well assay).

4 ND, not determined.
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negative group from Mexico, it was possible to demonstrate
significant differences only for CFP10 (P < 0.029) and ESAT6
(P < 0.032). By comparing the data from the three sampling
sites (Fig. 2A to C), ESAT6 and CFP10 stand out as the
best-performing diagnostic antigens among those tested. Re-
gional differences in the responses to PE13 and PES, MPB70,
TB27.4, and TB10.4 were apparent. In the Argentinean data
set, there was a strong recognition of all antigens in the skin
test-positive group, whereas in the Mexican data set, the ani-
mals recognized the antigens at a much lower frequency and, in
general, developed weaker responses. PE13, MPB70, and
TB10.4 were satisfactorily detected in Northern Ireland and
Argentina, whereas PE13 and MPB70 induced relatively weak
responses in Mexico, while TB10.4 was not tested there. Fi-
nally, there was clearly a specificity problem with TB27.4 in the
Argentinean data set.

Sensitivity and specificity based upon confirmed cases: com-
parison of the different areas. In order to estimate the sensi-
tivities and specificities of the different antigens, a cutoff of 2
ODI units was used for all antigens assayed at the three sites
(Table 2). Estimates were calculated for each site separately, as
well as in combination. In the skin test-positive groups, only
data for animals in which infection was confirmed by lesion
analysis (Northern Ireland, Mexico) or lesion analysis and
BTB-specific PCR with nasal mucus samples (Argentina) were
used. This definition reduced the numbers of positive refer-
ence samples to 22 in Northern Ireland, 34 in Argentina, and
21 in Mexico. In the samples from Northern Ireland, PPDB
and PPDA both had very high levels of sensitivity (greater than
85%), but as expected, there was clearly a lack of specificity.
Six of the seven recombinant antigens tested also reached
100% specificity with the sample set, but with much lower
sensitivities. ESAT6, CFP10, and TB10.4 were superior to the
other antigens, reaching sensitivities between 45 and 59%
when they were used as single antigens. With the Argentinean
samples, the sensitivities of PPDB and PPDA were lower than
those with the samples from Northern Ireland, but the speci-
ficities were clearly higher. PE13 was the only single antigen
that reached 100% specificity; but apart from TB27.4, all of the
antigens had specificities equal to or greater than the 78%
specificity reached by PPDB. ESAT6 and CFP10 were both
greater than 90% sensitive, and PE13 and TB27.4 reached
percent sensitivities in the 70s. PPDB was the most effective
with the Mexican samples, with a sensitivity of 90% and a
specificity of 89%. This level of specificity was also reached
with the CFPI10 protein, although the sensitivity was lower
(50%). ESAT6 had 100% specificity and 40% sensitivity. The
PES protein had a relatively low sensitivity of 25% but had
100% specificity. By combining the results for the three sites,
ESAT6 and CFP10 were superior, with sensitivities of 69 and
68%, respectively, while PE13, PES, and TB10.4 appeared to
be highly specific, with values greater than 95%.

Combining high-sensitivity antigens ESAT6 and CFP10 for
use for diagnosis. In an effort to increase the sensitivities of the
recombinant antigens to a level above that for PPDB, the two
antigens with the highest sensitivities as single antigens,
ESAT6 and CFP10, were combined in a one-well assay and
their sensitivities were compared with those of PPDB, PPDA,
and PPDA subtracted from PPDB, with the last test being
performed as a two-well assay (Fig. 3). In Northern Ireland,
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the median values for ESAT6 and CFP10 as single antigens
were about 2 ODI units for the skin test-positive group (Fig.
2A). In other words, roughly 50% of the samples had values
above the chosen cutoff and would be considered positive.
Combining the two proteins increased the response strength,
especially for those samples with ODIs close to 2 with single
antigens, increasing the median value almost twofold to 3.9
ODI units for the skin test-positive group. Importantly, the
median for the skin test-negative group did not increase but
dropped from approximately 1.0 ODI unit for each antigen to
0.9 ODI unit when the antigens were combined. In Argentina,
the median values for ESAT6 and CFP10 as single antigens
were extremely high (10 ODI units) (Fig. 2B) and were higher
than the value of 5.9 ODI units obtained for PPDB with the
same sample set. By combining the two antigens, this median
dropped to 8.9 ODI units, while the values for the skin test-
negative group decreased from 1.2 ODI units to 0.9 ODI unit.
By using 2 ODI units as the cutoff, the specificities of the
cocktail were 100% for the samples from Northern Ireland and
94% for the samples from Argentina, and the sensitivities were
73% and 94%, respectively (Table 2). Combining these two
data sets gave a specificity of 97% and a sensitivity of 85%. As
an alternative way to calculate sensitivities and specificities,
ROC analysis estimated the sensitivity to be 91% with a 100%
specificity cutoff with the ESAT6-CFP10 cocktail both in
Northern Ireland and Argentina and the sensitivity to be 86%
with a 96% specificity cutoff for the combined data sets. In
order to enhance the performance of the ESAT6-CFP10 anti-
gen cocktail by adding multiple antigens, the sensitivity would
need to be improved without impairing the high specificity.
Can use of high-specificity antigens PE13, PES, and TB10.4
improve the sensitivities? Using the data for the three high-
specificity antigens PE13, PES, and TB10.4, we examined those
few samples that ESAT6-CFP10 did not identify as positive.
We found that when the antigens were used in a two-well assay
and when the definition of a positive test was a positive result
by either assay, only PE13 was capable of complementing
ESAT6-CFP10, and this occurred only with the Argentinean
samples. However, in this two-well assay ESAT6-CFP10 and
PE13 correctly identified all infected and noninfected animals.
Given that PE13, PES, and TB10.4 have extremely high spec-
ificities, it would be promising to combine these in a cocktail in
a diagnostic one-well assay, thereby benefiting from the addi-
tive value of having more antigens in the cocktail. A broader
range of epitopes should lead to a more robust assay that
would benefit field situations with large test numbers and herds
of doubtful infection status. In order to illustrate this, nine
animals that gave a response only to ESAT6 and not to CFP10
(Fig. 4A, D, and G) or that gave a response to either one of
them that was marginally above or that was below the 2-ODI-
unit cutoff (Fig. 4B, C, E, F, H, and I) were selected. The
ESAT6 and CFP10 responses of these nine animals were mea-
sured in combination with their responses to the three highly
specific antigens to examine the potential to lead to a more
robust positive response. Variations in the abilities of the an-
imals’ immune systems to recognize the given peptides made it
impossible to select only one additional antigen. For animal B
(Fig 4B), PE13 was clearly the most recognized of all five
antigens tested. For animal H, TB10.4 would complement
ESATG6 and CFP10, and for animal G, only PES gave a better
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FIG. 4. Amount of IFN-y released in blood after stimulation with PES, PE13, TB10.4, ESAT6, or CFP10 for 20 h at 37°C with 5% CO,. Blood
was collected from nine skin test reactors and was incubated with single mycobacterial antigens at a concentration of 4 pg/ml, after which the
release of IFN-y was measured by ELISA. All antigens were tested singly. Note that the use of PES, PE13, and TB10.4 can improve the assay

readout. (A to I) Results for animals A to I, respectively.

value. For animals C and I, none of the three specific antigens
had any strong additive value on its own, and it is likely that all
three antigens would be required to clearly identify these as M.
tuberculosis-infected animals. For animal E, all three antigens
were strongly recognized, whereas neither ESAT6 nor CFP10
was recognized. It is therefore likely that the next generation of
diagnostic antigen cocktails should contain ESAT6, CFP10,
PE13, PES, and TB10.4.

DISCUSSION

In this work, we demonstrate that earlier findings from an-
tigen screening experiments with experimentally infected cattle
and the most immunodominant antigens can be extended to
the diagnosis of tuberculosis in the field, regardless of the
disease prevalence. In addition, a cocktail of carefully selected
antigens has the potential to be a novel diagnostic reagent. On
the basis of the prevalence of tuberculin skin test reactors,
countries have been divided into three categories: (i) those
with a prevalence of less than 0.1%, (ii) those with a prevalence
of between 0.1% and 1.0%, and (iii) those with a prevalence of

greater than 1% or an unknown prevalence (13, 37). Seven
recombinant antigens (Table 1) were tested in Northern Ire-
land (low prevalence), Mexico (medium prevalence), and Ar-
gentina (high prevalence), with sensitivities ranging from 5 to
94% (Table 2). This broad range is interesting and gives insight
into the immunogenicities of mycobacterial antigens. It is likely
that bacterial parameters, such as protein abundance, subcel-
lular localization, posttranslational modifications, and tempo-
ral expression/regulation, together with immune parameters,
such as localization of the antigen in the phagosome, proteo-
lytic sensitivity, and the presence of major histocompatibility
complex binding motifs, play a role in the efficiency of protein
epitope presentation and recognition. Given the large site-to-
site variations in the sensitivities of several of the proteins
tested, it is also likely that the genetic background of the host,
environmental sensitizations, and the M. bovis strains involved
also play significant roles.

ESAT6 is the best-documented TB antigen among those
tested, and sensitivities in the range from 66% to 78% have
already been reported in the field in Europe (26, 27, 30, 32).
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We found an overall specificity of 91% and a sensitivity of
69%, which is at the lower end of the reported interval, due to
variations from site to site (Table 2). The gene encoding
CFP10 (esxB) is cotranscribed with the ESAT6-encoding esxA4
gene (6), and the two encoded proteins have been shown to
form a stable heterogeneous secreted complex in mycobacteria
that acts as a signaling molecule (31). The colocalization is a
likely explanation why CFP10 results in the same strong re-
sponses as ESAT6 in skin test-positive animals and with min-
imal background in TB-free animals (Table 2). It is also rec-
ognized at approximately the same frequency as ESAT6, but
not by exactly the same animals. TB27.4, the third protein
transcribed from the RD1 region used in this study, has no
known function but was included since it had previously been
shown to be detected in samples from experimentally infected
animals that were both ESAT6 and CFP10 negative (1). In the
field, TB27.4 proved poorly sensitive (5 and 14%) in Northern
Ireland and Mexico, but it was more sensitive (72%) in Argen-
tina (Table 2). Unfortunately, the specificity in Argentina was
only 56%, and all skin test reactors that were TB27.4 positive
were also ESAT6 and/or CFP10 positive.

The PE/PE-PGRS multigene family counts 96 members in
M. bovis (16), but little is known about their function or im-
munogenicity. Since members of the family are present in the
mycobacterial cell wall, it has been speculated that they could
generate antigenic diversity and thereby help mycobacteria
escaping the immune system (11). On the basis of a prelimi-
nary screening of seven proteins from the PE subfamily (M.
Govaerts, personal communication), two PE proteins were se-
lected for testing (Table 1). PE13 gave highly variable sensi-
tivities at the three sites, ranging from 10% to 78%, whereas
PES gave sensitivities ranging from 25 to 56%. For both pro-
teins, the sensitivity was the highest with the Argentinean sam-
ples (Table 2). PES is substantially homologous to PE29 (80%)
and PE15 (66%) in M. bovis, and PE13 is substantially homol-
ogous to PE19 (75%) and PE18 (71%) in M. bovis. Considering
the high degree of homology to PE proteins in environmental
mycobacteria (Table 1), it is surprising that no major back-
ground problem was found with the TB-free control groups
(Fig. 2). Their major immunogenic epitopes are most likely
found in the variable regions.

The MPB70 protein is highly homologous to the MPBS83
protein (approximately 70% identity), and both can be found
in many mycobacterial species, including M. bovis and M. tu-
berculosis. Their function is unknown; but MPB70 is one of the
major antigens secreted from M. bovis, while MPBS83 is a cell
wall lipoprotein. In vivo, both proteins are expressed at low
levels in M. tuberculosis and some BCG strains (such as BCG
strains Moscow, Brazil, Sweden, and Tokyo) but at high levels
in M. bovis and BCG strains lacking RD2 (e.g., BCG strains
Pasteur, Copenhagen, and Glaxo). Both proteins are highly
immunogenic after M. bovis infection in mice (22). MPB70 has
previously been used in ELISAs to detect antibodies in cattle
and was found to have a high specificity (96%) but a relatively
low sensitivity (18%) (35). Using the CMI-based whole-blood
assay, we found sensitivities of 36% in Northern Ireland, 5% in
Mexico, and 56% in Argentina, with specificities of 90, 100,
and 83%, respectively (Table 2). MPB70 together with TB27.4
was the least discriminating of the antigens tested, with both
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antigens having specificities and sensitivities that were quite
low. Neither of them has the potential to be used in a single-
antigen-based diagnostic assay or, because of a lack of speci-
ficity, to be part of a diagnostic cocktail.

The highly immunogenic nature of ESAT6 and CFP10 has
previously been reported across a broad range of species,
including mice, guinea pigs, humans, and cattle (4, 26, 27,
30, 32). Their potential to differentiate between BCG infec-
tion and M. tuberculosis or M. bovis infection has been rec-
ognized for several years, and a number of reports have
demonstrated the high degrees of specificity and sensitivity
imparted by the use of these two proteins with cattle (1, 28,
34) and humans (24, 30).

In order to increase their overall sensitivities, they were
tested not only as individual antigens but also as a cocktail. The
combination of the two led to an impressive synergistic effect
(Fig. 2 and 3), with increased responses in the skin test-positive
groups and decreased responses in the skin test-negative
groups compared with the responses to the antigens tested
singly. With the samples from Northern Ireland, the sensitivity
increased to 73%, with a specificity of 100%, whereas with the
samples from Argentina, the specificity increased to 94%,
while the sensitivity stayed at 94% (Table 2). Use of the com-
bination of the antigens in a one-well assay was clearly the
best-performing system tested in this study, with an overall
specificity of 97% and an overall sensitivity of 85% (Table 2).
In order to further improve the sensitivity of the CMI-based
whole-blood assay, more antigens will be needed in an optimal
diagnostic cocktail. Among the proteins tested in this study,
TB10.4, PES, and PE13 are the obvious choices. They have
reasonably high sensitivities, but more importantly, they all
have very high specificities, regardless of the BTB prevalence
and other environmental factors. Furthermore, in several cases
they will add to the strength of the response in infected ani-
mals, especially when the responses to ESAT6 and CFP10 are
weak, thereby, at the same time, making the assay much more
robust, presumably by an increase in the number of epitopes
detected (Fig. 4).

Of 124 animals whose infection status could not be con-
firmed by postmortem confirmatory tests, we found 47 skin
test-positive animals (95% confidence interval [CI], 29 to
46%). More than half of these (27 of 49; 95% CI, 43 to 71%)
were from the low-incidence area (Northern Ireland), 15 of 36
(95% CI, 26 to 58%) were from the medium-incidence area
(Mexico), and only 5 of 39 (95% CI, 2 to 23%) were from the
high-incidence area (Argentina). One explanation for the dis-
crepancy could be that there is a direct relationship between
exposure, infection, and how rapidly lesions develop, combined
with the application of different rates of removal of reactor
cattle among these areas.

Since the CFP10 and ESAT6 antigens are much more spe-
cific than the PPD used in the skin test, we used the CMI-based
assay to examine the responses to both antigens. Twenty-five of
the 47 animals were positive for a response to ESAT6 and
CFP10 in a one-well assay, whereas the remaining 22 animals
were negative by the CMI-based test, regardless of the antigen
used. Given that CMI assays based on the IFN-y readout have
been found to be particularly useful for the detection of bovine
tuberculosis during the early stages of infection (29) and that
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both the ESAT6 and the CFP10 antigens are useful for esti-
mation of the degree of latent infection in humans (15, 23),
animals that are skin test and CMI test positive should be
considered highly suspect of being infected. Such subclinically
infected animals may account for the significant number of
reactor cattle appearing at slaughter without lesions. Further-
more, these subclinical reactor cattle could, over time, develop
disease, contributing to a significant number of herd break-
downs which are difficult to attribute to a precise source.

This is the first reported field trial to have used several
recombinant antigens in three countries across the world with
different disease prevalences. Given the high specificity and
sensitivity obtained with the ESAT6-CFP10 mixture and the
ability of CMI-based assays to detect bovine TB infections at
early times, we consider this method of great value for the
routine testing of cattle, especially if the sensitivity were to be
raised even further by including more antigens. On the basis of
the findings from this work, we suggest that a specific cocktail
consisting of ESAT6, CFP10, PES, PE13, and TB10.4 be tested
in the near future with large numbers of field animals.
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