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Bovine tuberculosis (bTB) is a worldwide zoonosis caused mainly by Mycobacterium bovis. The traditional diagnostic method
used often is the tuberculin skin test, which uses bovine purified protein derivatives (PPD-B). However, it is difficult to maintain
uniformity of PPD-B from batch to batch, and it shares common antigens with nonpathogenic environmental mycobacteria. To
overcome these problems, M. bovis-specific antigens that showed good T cell stimulation, such as CFP-10, ESAT-6, Rv3615c, etc.,
have been used in the skin test, but there have been no large-scale clinical studies on these antigens. In this study, two combina-
tions (CFP-10/ESAT-6/TB10.4 protein cocktail and CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail) were developed and used
as stimuli in the skin test. Cattle were double-blind tested to assess the efficiency of the protein cocktail-based skin tests. The re-
sults showed that the CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test can differentiate TB-infected cattle from Mycobac-
terium avium-infected ones and that it shows a high degree of agreement with the traditional tuberculin skin test (k = 0.8536)
and gamma interferon (IFN-vy) release assay (k = 0.8154). Compared to the tuberculin skin test, the relative sensitivity and rela-
tive specificity of the CFP-10/ESAT-6/TB10.4-based skin test were 87% and 97%, respectively., The relative sensitivity and rela-
tive specificity of the CFP-10/ESAT-6/TB10.4-based skin test were 93% and 92%, respectively, on comparison with the IFN-y
release assay. The correlation between the increases in skin thickness observed after the inoculation of stimuli was high (PPD-B
versus CFP-10/ESAT-6/TB10.4, Spearman r of 0.8435). The correlation between the optical density at 450 nm (OD,;,) obtained
after blood stimulation with PPD-B and the increase in skin thickness observed after inoculation of the CFP-10/ESAT-6/TB10.4

protein cocktail was high (Spearman r = 0.7335). Therefore, the CFP-10/ESAT-6/TB10.4-based skin test responses correlate to
traditional measures of bovine TB evaluation, including skin test and gamma interferon release assay.

ycobacterium bovis is a Gram-positive, acid-fast bacterium

that belongs to the Mycobacterium tuberculosis complex
(MTC) (including M. bovis, M. tuberculosis, M. microti, M. africa-
num, M. pinnipedii, M. caprae, M. canetti,and M. mungi) (1,2). M.
bovis mainly infects cattle, causing bovine tuberculosis (bTB), and
occasionally affects other species of mammals (3). M. bovis can
also infect humans through the inhalation of aerosols or the in-
gestion of unpasteurized dairy products (4, 5). The eradication of
bovine tuberculosis is based on reliable diagnostic methods.

The traditional diagnostic method of identifying bTB is the
tuberculin skin test, which is based on the detection of delayed-
type hypersensitivity (DTH) induced by bovine purified protein
derivative (PPD-B). The tuberculin skin test has been used world-
wide and is economical and easily applied. However, PPD-B is a
poorly defined mixture of proteins, lipids, and carbohydrates ob-
tained from a virulent M. bovis culture, the uniformity of which is
difficult to maintain from batch to batch (6). Moreover, the use of
virulent M. bovis during the production of PPD-B may potentially
harm workers. Importantly, shared antigenic components in
PPD-B and nonpathogenic environmental mycobacteria can re-
duce the specificity of the tuberculin skin test (7, 8). Although the
gamma interferon (IFN-vy) release assay (IGRA) showed higher
specificity than the single intradermal skin test, the high price of
this kit limits its use in developing countries such as China (9, 10).
To overcome the drawbacks of the traditional diagnostic methods,
scientists have focused on screening new M. bovis-specific anti-
gens to substitute for PPD-B as stimuli in the skin test (11-13).

Recent studies focused mainly on the development of skin test
reagents to discriminate infected from vaccinated cattle (DIVA
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test), in which M. bovis-specific antigens, such as CFP10 and
ESAT-6, were often selected as stimuli for the skin test (6, 11,
14-16). Those antigens were located in RD1, deleted in M. bovis
BCG strains, and could elicit strong DTH in TB-infected cattle. To
increase the sensitivity of CFP-10/ESAT-6 peptides or a protein
cocktail-based skin test, some other antigens were added, such as
Rv3615c. Some of these antigens may exist in other mycobacterial
strains but could not trigger DTH in healthy or M. avium-infected
animals (6, 14, 17).

Because of the lack of vaccination of cattle in China and the
existence of M. avium in some local areas, we focused on screening
antigens that could be used to differentiate TB-infected cattle
from M. avium-infected ones. CFP-10 and ESAT-6 are expressed
in MTC strains and can induce DTH in M. bovis-infected cattle (6,
15). Flores-Villalva et al. found that the cocktail of CFP-10 and
ESAT-6 could be used as a stimulus in the skin test with acceptable
specificity, but the sensitivity (48/63) was not satisfactory (15).
Casal et al. found that the addition of Rv-3615¢ and Rv3020c
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TABLE 1 Characteristics of selected antigens

New Potential Diagnostic Tool To Detect bTB

Gene Gene product Primer sequences” Comments (references)”

esxB CFP-10 Sense, '-CGCGGATCCATGGCAGAGATGAAGACCGAT-3'; antisense, Belongs to ESAT-6 family, RD1 region,
5'-CCCAAGCTTTCAGAAGCCCATTTGCGAGGAC-3’ equivalent to Rv3874 (6, 14-16, 25)

esxA ESAT-6 Sense, 5'-CGCGGATCCATGACAGAGCAGCAGTGGAAT-3'; Belongs to ESAT-6 family, RD1 region,
antisense, 5'-CCCAAGCTTTGCGAACATCCCAGTGACGT-3’ equivalent to Rv3875 (6, 14, 15, 24, 25)

esxH TB10.4 Sense, 5'-CGCGGATCCATGTCGCAAATCATGTACAAC-3'; Belongs to ESAT-6 family, equivalent to Rv0288
antisense, 5'-CCCAAGCTTCTAGCCGCCCCATTTGG-3’

mpt63 MPT63 Sense, 5'-GCGAATTCATGAAGCTCACCACAAT-3’; antisense, Equivalent to Rv1926c, exists only in M.
5'-CCGCTCGAGTTAGGGAAGCTGCCTCGCCAG-3’ tuberculosis complex

Pe35 PE family-like Sense, 5'-CGCGGATCCATGGAAAAAATGTCACATGATCCG-3'; RD1 region, equivalent to Rv3872

protein

antisense, 5'-CCCAAGCTTTTAGGCGAAGACGCCGGC-3'

@ Restriction sites used are underlined.

Y Rv, M. tuberculosis gene numbering was used; RD1: region of difference 1, which exists only in virulent M. tuberculosis complex.

could enhance the DTH reaction and improve the sensitivity (13/
14) of the skin test based on the cocktail of CFP-10 and ESAT-6 (6,
14). These data indicated that the M. bovis-specific proteins used
as stimuli in the skin test are promising. However, thus far there
has not been a large-scale clinical assessment in the field to dem-
onstrate feasibility and validation in a double-blind testing (6, 15).

In this study, we chose three Mycobacterium-specific proteins,
namely, TB10.4, MPT63, and Rv3872 (Table 1), to supplement
CFEP-10 and ESAT-6 in order to strengthen the sensitivity of the
skin test. TB10.4 is encoded by esxH, which exists in both Myco-
bacterium tuberculosis complex and Mycobacterium avium com-
plex (MAC), and can induce higher levels of [IFN-vy in TB patients
than ESAT-6 and CFP-10 (18, 19). Thus, TB10.4 has potential to
enhance the sensitivity of the skin test but may cause a loss of
specificity. MPT63 and Rv3872 can induce a high level of IFN-vy
release in TB patients but not in MAC-infected persons or healthy
ones (20-22), so the addition of MPT63 and Rv3872 may increase
the sensitivity of the skin test and not sacrifice specificity. Accord-
ing to the characteristics of these proteins, a CFP-10/ESAT-6/
TB10.4 protein cocktail and a CFP-10/ESAT-6/Rv3872/MPT63
protein cocktail were prepared and used as stimuli in the skin test.
Our present study was to assess the efficiency of protein cocktail-
based skin tests in a total of 1,097 cattle, with the tuberculin skin
test and IFN-y release assay as references.

MATERIALS AND METHODS

Ethical approval. All animals used in this research were treated with care
and with the approval of the Animal Care and Use Committee of the
Chinese Academy of Agricultural Sciences, China.

Bacterial species and plasmids. Mycobacterium bovis strain 68002 was
obtained from the China Institute of Veterinary Drug Control, Beijing,
China. It is a clinical isolate with high virulence from M. bovis-infected
cattle and is used for preparation of bovine tuberculin in China. M. avium
strain P18 (with high virulence) was isolated from an M. avium-positive
chicken and is used for preparation of avian tuberculin in China. Plasmid
pET32a(+) (Novagen, Madison, WI) was used as the expression vector,
and Escherichia coli strain BL21(DE3) was used for protein expression.
Bovine tuberculin (PPD-B; Harbin Pharmaceutical Group, Heilongjiang
Province, China) and avian tuberculin (PPD-A; China Institute of Veter-
inary Drug Control, Beijing, China) were used in the tuberculin skin test.

Preparation of antigens. Five M. bovis-specific antigens were selected
for expression and purification using a prokaryotic expression system
(Table 1). The primers were designed based on gene sequences in M. bovis
strain AF2122/97 and synthesized by Invitrogen (Beijing, China). The
primer sequences are listed in Table 1. Genomic DNA was isolated from
M. bovis strain 68002 using a Genomic DNA Mini Preparation Kit with
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Spin Column (Beyotime Institute of Biotechnology, Beijing, China) ac-
cording to the manufacturer’s instructions and was stored at —80°C. The
expression of CFP-10, ESAT-6, TB10.4, Rv3872, and MPT63 was induced
in E. coli BL21(DE3), and the proteins were purified by metal chelate
affinity chromatography (HisTrap FF crude; GE Healthcare, Germany).
All purified proteins were exchanged into sterile phosphate-buffered sa-
line (PBS) (pH 7.4) using a HiPrep 26/10 desalting column (GE Health-
care, Germany).

Endotoxin was removed from purified recombinant proteins using
Triton X-114 two-phase separation and tested by the chromogenic end-
point Tachypleus amebocyte lysate method (Chinese Horseshoe Crab Re-
agent Manufactory Co., Ltd., China) (23). All purified proteins were fil-
trated by using 0.22-pm sterile filter membrane and analyzed by 12%
SDS-PAGE. The concentrations of proteins were determined by bicin-
choninic acid (BCA) assay. All purified proteins were diluted to a final
concentration of 0.5 mg/ml in sterile PBS (pH 7.4) and stored at —80°C.

Skin test procedure. The tuberculin skin test was performed accord-
ing to the Chinese standard diagnostic technique for tuberculosis in ani-
mals (GB/T 18645-2002). To evaluate the efficiency of recombinant pro-
teins, up to four intradermal injection sites on the same side of each cattle
neck were used, and distances between the injection sites were at least 15
cm apart. PPD-B was always included in each test, and all antigens (in-
cluding PPD-B, 2,500 IU/animal) were injected in a volume of 0.1 ml. The
skin thicknesses at injection sites were measured before and at 72 h after
the skin test by the same operator, using calipers. Results were expressed as
the difference in skin thicknesses (mm) between the readings before and
after the skin test. For the tuberculin skin test, if the difference in skin
thicknesses is equal to or greater than 4 mm, the animal is considered TB
infected, and if the difference is less than 2 mm, the animal is considered
free of TB. When the skin thickness difference is greater than or equal to 2
mm and less than 4 mm, the result is considered inconclusive, and the
animal should be retested after an interval of 60 days. In the second tu-
berculin skin test, if the difference is greater or equal to 2 mm, the animal
should be considered TB infected. All clinical skin tests were operated as
double-blind tests by Dairy Cattle Research Center, Shandong Academy
of Agricultural Sciences, China.

IFN-vy release assay. All cattle tested by skin test were also diagnosed
by using IGRA (Mycobacterium bovis gamma interferon test kit for cattle;
Bovigam, Prionics AG, Schlieren, Switzerland) according to the manufac-
turer’s instructions. Heparinized whole blood of each animal was col-
lected within 30 days after the skin test. The whole blood from each animal
was dispensed into a 24-well tissue culture tray (1.5 ml/well, 3 wells for
each animal) and stimulated with 100 pl PPD-A (avian tuberculin PPD,
300 mg/ml, Australia), PPD-B (bovine tuberculin PPD, 300 mg/ml, Aus-
tralia), and PBS. The plasma of each well was collected after the culture
was incubated for 20 to 24 h at 37°C in 5% CO, and tested using the
Mycobacterium bovis gamma interferon test kit. Cattle with PPD-B-sim-
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ulated blood plasma having an optical density (OD) greater than 0.100
above those of PPD-A and PBS were considered TB infected.

PCR analysis. TB infection was confirmed by PCR as described by
Flores-Villalva et al. (15). Briefly, nasal swabs or rectal swabs were col-
lected and submerged in 2 ml of sterile phosphate-buffered saline. DNA
was extracted from the sediments and suspended in 30 wl of water. A
nested PCR was performed to amplify a region of the mpb70 gene of MTC.
Fist, a single PCR was run by amplifying a 372-bp segment of the mpb70
gene using specific primers M70F (5'-GAACAATCCGGAGTTGACAA-
3') and M70R (5'-AGCACGCTGTCAATCATGTA-3"). Then, a nested
PCR was run using 1 pl of the previous reaction mixture to amplify a
208-bp fragment within the 372-bp region of the mpb70 gene with the
primers M22F (5'-GCTGACGGCTGCACTGTCGGGC-3') and M22R
(5'-CGTTGGCCGGGCTGGTTTGGCC-3"). The products were ana-
lyzed in 2% agarose gels.

The 16S rRNA genes were amplified and sequenced to identify Myco-
bacterium strains. A single PCR was run by amplifying a 580-bp segment
of the 16S rRNA gene using specific primers 16sF (5'-CACATGCAAGTC
GAACGGAAAGG-3') and 16sR (5'-GCCCGTATCGCCCGCACGCT-
3") and the following protocol: a first cycle of 5 min at 95°C; 30 cycles of 1
min at 94°C, 1 min at 63°C, and 1 min at 72°C; and a final cycle of 5 min
at 72°C. The PCR products were purified by using the E.Z.N.A. gel extrac-
tion kit (Omega) and then sequenced by Sangon (Beijing, China). The
sequences were compared with the 16S rRNA gene sequences reported in
GenBank by using LaserGene MegAlign.

Bacteriology analysis. Six experimentally infected cattle, four natu-
rally TB-infected cattle, and five M. avium-infected cattle were slaugh-
tered after the experiment. Tissue samples were taken for Mycobacterium
culture as OIE standards. The isolates were identified by PCR (mpb70 and
16S rRNA gene) as described above.

Design of recombinant protein-based skin test. Twenty TB-infected
cattle (from a farm where TB was prevalent) and 20 healthy cattle (from a
TB-free farm) were selected by using the tuberculin skin test, IFN-vy re-
lease assay, and PCR. The cattle were randomly divided into four groups
(five TB-infected and five healthy cattle for each group).

Ten M. avium-infected cattle (from a farm where M. avium subsp.
paratuberculosis was prevalent) were screened by using the tuberculin skin
test, IFN-vy release assay, PCR analysis, and 16S rRNA gene sequencing.
All cattle were retested 2 to 3 months after the initial tuberculin skin test.

To confirm the infection, four TB-infected cattle (one animal in each
group) and five M. avium-infected cattle were slaughtered after the exper-
iment, and the lesions or lymph nodes were collected for Mycobacterium
culture. The bacteriology analysis confirmed that isolate strains from TB-
infected cattle belonged to the MTC and that isolate strains from M.
avium-infected cattle belonged to M. avium.

To verify whether TB10.4, Rv3872, or MPT63 could strengthen the
DTH induced by the cocktail of CFP-10 and ESAT-6, each animal in
group 1 was administered the skin test with PPD-B, a mixture of CFP-10
and ESAT-6 (designated CE) (the concentration of total proteins was 0.5
mg/ml, and the volume ratio of the components was 1:1), a mixture of
CFP-10, ESAT-6, and TB10.4 (designated CET) (at 0.5 mg/ml with a ratio
of 1:1:1), and a mixture of CFP-10, ESAT-6, Rv3872, and MPT63 (desig-
nated CERM) (0.5 mg/ml with a ratio of 1:1:0.5:0.5) at different sites on
the same side of the neck. The thicknesses of skin indurations at injected
sites were measured before and at 24, 48, and 72 h after the injections.

To achieve the best detectable DTH induced by the CFP-10/ESAT-6/
TB10.4 protein cocktail, the concentration of total protein and the ratio of
each component were optimized. Each animal in group 2 was intrader-
mally (i.d.) administered PPD-B and the CFP-10/ESAT-6/TB10.4 protein
cocktail (0.5 mg/mlat 1:1:1 and 0.5 mg/ml at 1:1:2). Cattle in group 3 were
i.d. administered PPD-B and CET (0.2 mg/ml at 1:1:1, 0.5 mg/ml at 1:1:1,
and 0.7 mg/ml at 1:1:1).

To test the specificity of the CFP-10/ESAT-6/TB10.4 protein cocktail-
based skin test, cattle in group 4 were i.d. administered PPD-B and PET
[the purified pET32a(+) tag, 0.5 mg/ml). Ten M. avium-infected cattle
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were i.d. administered PPD-A, PPD-B, and the CFP-10/ESAT-6/TB10.4
protein cocktail (0.5 mg/ml, 1:1:1) at different sites on the neck. The
thicknesses of skin indurations of TB-infected animals in groups 2, 3, and
4 and of M. avium-infected cattle were measured before and at 72 h after
injection.

To determine the cutoff value for the CFP-10/ESAT-6/TB10.4 protein
cocktail-based skin test, 125 healthy cattle (from a TB-free herd and
shown to be negative by the tuberculin skin test, IGRA, and PCR analysis)
and 117 TB-infected cattle (shown to be positive by the tuberculin skin
test, IFN-v release assay, and PCR analysis) were administered the skin
test using the CFP-10/ESAT-6/TB10.4 protein cocktail (0.5 mg/ml, 1:1:1)
and PPD-B as stimuli at different sites on the same side of neck. The
differences in skin thickness were analyzed by receiver operator curve
(ROC) analysis (GraphPad Prism 5 software). The cutoff value for the
CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-based skin test (0.5
mg/ml, 1:1:0.5:0.5) was calculated by analyzing the differences in skin
thicknesses of 67 healthy cattle (from a TB-free herd and shown to be
negative by the tuberculin skin test, IFN-y release assay, and PCR analysis)
and 148 TB-infected cattle (showed to be positive by the tuberculin skin
test, IFN-vy release assay, and PCR analysis) by using the program men-
tioned before.

Animal infection. To evaluate the efficiency of the protein cocktail-
based skin tests with true TB-infected cattle, nine male Friesian cattle aged
1 to 2 months from a tuberculosis-free dairy farm were randomly selected
and raised in isolated pens under strict pathogen-free conditions to pre-
vent infection. All animals were identified as being free of tuberculosis,
brucellosis, or bovine viral diarrhea. Three cattle were infected with 10°
CFU of M. bovis strain 68002, three cattle were infected with 10° CFU of
M. avium p18, and the other three cattle were used as healthy controls.
Animals in each group were monitored clinically for 1 year and tested
using the tuberculin skin test, IGRA, and optimized protein cocktail-
based skin tests at 0, 2, and 8 months postinfection. M. bovis- and M.
avium-infected cattle were slaughtered after the experiment and analyzed
using PCR and Mycobacterium culture.

Recombinant protein-based skin test used at clinic testing. To eval-
uate the effects of the CFP-10/ESAT-6/TB10.4 and CFP-10/ESAT-6/
Rv3872/MPT63 protein cocktail-based skin tests, 1,097 cattle (125 males
and 972 females) (679 for CFP-10/ESAT-6/TB10.4 and 418 for CFP-10/
ESAT-6/Rv3872/MPT63, containing the data used for ROC analysis) were
tested by the protein cocktail-based skin test, tuberculin skin test, and
IFN-v release assay.

Evaluation of diagnostic test and statistical analysis. Quantitative
outcomes (increase in skin thickness induced by PPD-B or protein cock-
tails and OD,, of IGRA induced by PPD-B, data obtained from the cattle
used for ROC analysis and experimentally infected cattle) and qualitative
outcomes (data obtained from all naturally TB-infected cattle, including
the cattle used for ROC analysis) of the skin tests (with PPD-B and protein
cocktails used as stimuli) and IGRA were analyzed using GraphPad Prism
5 software. The correlation of quantitative outcomes was assessed using
the Spearman coefficient. Agreement between tests was evaluated using
the kappa (k) coefficient.

RESULTS

Design and verification of protein cocktail-based skin test pro-
cedure. To prepare the antigens used in the skin test, a fusion
protein strategy was adopted to increase expression, and each re-
combinant protein was expressed with thioredoxin, S, and His
tags (the the total molecular mass of the tags was 18 kDa) at the
carboxyl terminus. Proteins were run in a 12% polyacrylamide gel
(datanot shown) and the molecular mass of each protein matched
to its predicted molecular mass. The recombinant proteins, with a
purity of >90% and final concentrations of 0.5 to 1.5 mg/ml, were
used for subsequent experiments. The endotoxin level for each
protein was <2 endotoxin units (EU)/mg.
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FIG 1 Optimization of protein cocktail-based skin tests. (A) Group 1, showing the recombinant proteins used as stimuli in skin tests. (B) Group 1, showing the
optimization of testing time for the CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test. (C) Group 2, showing different volume ratios of the CFP-10/ESAT-
6/TB10.4 components. The total protein concentration of each combination was 0.5 mg/ml. CET 1 represents a CFP-10/ESAT-6/TB10.4 volume ratio of 1:1:1;
CET 2 represents a CFP-10/ESAT-6/TB10.4 volume ratio of 1:1:2. (D) Group 3, showing the optimization of the concentration of the CFP-10/ESAT-6/TB10.4
protein cocktail, with a CFP-10/ESAT-6/TB10.4 volume ratio of 1:1:1. (E) Group 4, showing the purified pET32a(+) tag protein (PET) used as the stimulus in
the skin test. The total protein concentration of PET was 0.5 mg/ml. (F) Group 5, showing M. avium-infected cattle administered skin tests using PPD-A, PPD-B,
and the CFP-10/ESAT-6/TB10.4 protein cocktail as stimuli. The total protein concentration of the CFP-10/ESAT-6/TB10.4 protein cocktail was 0.5 mg/ml, and
the CFP-10/ESAT-6/TB10.4 volume ratio was 1:1:1. The horizontal lines show the means (= standard errors of the means [SEM]), with results expressed as the
difference in skin thicknesses (mm) between the readings before and after the skin test. The statistical difference between responses induced by various stimuli
was determined by using analysis of variance (ANOVA) (Tukey’s multiple-comparison test) (*, P < 0.05; **, P < 0.001; ***, P < 0.0001), except for group 4,

which was analyzed by using the paired ¢ test.

To select the best antigens and test procedure for the recombi-
nant protein-based skin test, optimizations of the antigen compo-
nents, the volume ratio between the components, the detection
time, and the concentration of antigen were performed. As shown
in Fig. 1, the CFP-10/ESAT-6, CFP-10/ESAT-6/TB10.4, and CFP-
10/ESAT-6/Rv3872/MPT63 protein cocktails could induce DTH
in TB-infected cattle, while the purified PET [pET32a(+) Tag
protein], as a control, could not induce DTH in TB-infected or
healthy cattle. Among these three combinations of the recombi-
nant proteins, the CFP-10/ESAT-6/TB10.4 protein cocktail
showed a better reactivity, but it was still weaker than that of
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PPD-B. The indurations induced by the injection of the CFP-10/
ESAT-6/TB10.4 protein cocktail in TB-infected cattle became
stronger over time and were strongest at 72 h postinjection. The
DTHs induced by different concentrations of the CFP-10/ESAT-
6/TB10.4 protein cocktail or various ratios of its components were
not significantly different, indicating that relatively minor changes
in the concentration of each component in the CFP-10/ESAT-6/
TB10.4 mixture do not change the effect of the protein cocktail.
Considering that a higher CFP-10/ESAT-6 ratio might ensure the
specificity of the CFP-10/ESAT-6/TB10.4 protein cocktail-based
skin test, the volume ratio of the components was set at 1:1:1.
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TABLE 2 Sensitivities and specificities of protein cocktail-based skin tests estimated by ROC analysis”

Area under the Sensitivity 95% confidence Specificity 95% confidence Cutoff value
Diagnostic antigen ROC curve (%) interval (%) (%) interval (%) (mm)
CFP-10/ESAT-6/TB10.4 protein 0.9841 94.02 88.06-97.56 95.2 89.84-98.22 >1.0
cocktail 92.31 85.90-96.42 97.3 93.15-99.5 >1.10
88.03 80.74-93.30 99.2 95.62-99.98 >1.4
CFP-10/ESAT-6/Rv3872/MPT63 0.9711 95.04 90.04-97.98 95.52 87.47-99.07 >0.8125
protein cocktail 92.91 87.34-96.55 97.01 89.63-99.64 >1.0
83.69 76.54-89.37 99.9 94.64-100 >1.42

“ The cutoff value for the CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test was obtained from 125 healthy cattle (from a TB-free herd and shown to be negative by the
tuberculin skin test, IFN-vy release assay, and PCR analysis) and 117 TB-infected cattle (shown to be positive by the tuberculin skin test, IFN-vy release assay, and PCR analysis); the
cutoff value for the CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-based skin test was obtained from 67 healthy cattle (from a TB-free herd and shown to be negative by the
tuberculin skin test, IFN-vy release assay, and PCR analysis) and 148 M. bovis-infected cattle (shown to be positive by the tuberculin skin test, IFN-+y release assay, and PCR analysis).
CFP-10/ESAT-6/TB10.4, a protein cocktail consisting of CFP-10, ESAT-6, and TB10.4; the concentration of total proteins was 0.5 mg/ml, and the volume ratio of the components
was 1:1:1, CFP-10/ESAT-6/Rv3872/MPT63, a protein cocktail consisting of CFP-10, ESAT-6, Rv3872s and MPT63; the concentration of total proteins was 0.5 mg/ml, and the
volume ratio of the components was 1:1:0.5:0.5. Boldface indicates the cutoff values used in the field trial.

Considering the cost of production and the DTH response inten-
sity, the total protein concentration was set at 0.5 mg/ml. CFP-10/
ESAT-6/TB10.4 did not induce DTH in M. avium-infected cattle,
suggesting its specificity toward TB-infected cattle.

To obtain the target test specificity of 97%, the cutoff value for
the CFP-10/ESAT-6/TB10.4-based skin test should be set at 1.1
mm, while the cutoff for the CFP-10/ESAT-6/Rv3872/MPT63-
based skin test should be set at 1.0 mm. According to the ROC
analysis, the area under the curve (AUC) indicated that the CFP-
10/ESAT-6/TB10.4 protein cocktail had a better diagnostic out-
come in the detection of bovine tuberculosis than the CFP-10/
ESAT-6/Rv3872/MPT63 protein cocktail (Table 2).

Efficiency of protein cocktail-based skin test with experi-
mentally infected cattle. To evaluate the efficiency of the protein
cocktail-based skin test with true infected cattle, cattle were exper-
imentally infected with Mycobacterium and slaughtered after the
experiment. The infection of these cattle was confirmed by com-
parative tuberculin test, IGRA, PCR, and Mycobacterium culture
(data were not shown). Three M. bovis strain 68002-infected cattle
were positive on M. bovis culture, but only one of them showed
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lung lesions compatible with tuberculosis. Three M. avium p18-
infected cattle were positive on M. avium culture, but none of
them showed lesions in the intestine. Cattle were tested using
PPB-B, PPD-A, and protein cocktails at 2 months and 8 months
postinfection. The results showed that both the CFP-10/ESAT-6/
TB10.4 and CFP-10/ESAT-6/Rv3872/MPT63 protein cocktails
could induce detectable DTH in M. bovis-infected but not in M.
avium-infected or healthy cattle (Fig. 2) and could be used to
differentiate M. bovis infection from M. avium infection.
Double-blind testing using the protein cocktail-based skin
test with a large number of cattle. To assess the application of the
protein cocktail-based skin tests, 1,097 cattle in total (679 for CFP-
10/ESAT-6/TB10.4 and 418 for CFP-10/ESAT-6/Rv3872/MPT63,
containing the data used for ROC analysis) from 8 different herds
were tested using the protein cocktail-based skin tests (CFP-10/
ESAT-6/TB10.4 or CFP-10/ESAT-6/Rv3872/MPT63), tuberculin
skin test, and IFN-vy release assay. The CFP-10/ESAT-6/TB10.4
protein cocktail-based skin test showed a higher correlation with
traditional diagnostic tools than the CFP-10/ESAT-6/Rv3872/
MPT63-based skin test. The correlation between the increases in
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FIG 2 Protein cocktail-based skin tests with experimentally infected cattle. (A) Experimentally infected cattle tested at 2 months postinfection. (B) Experimen-
tally infected cattle tested at 8 months postinfection. Infection was confirmed by using PCR, IGRA, and Mycobacterium culture. The CFP-10/ESAT-6/TB10.4
protein cocktail consists of CFP-10, ESAT-6, and TB10.4, in which the concentration of total proteins was 0.5 mg/ml and the volume ratio of the components was
1:1:1. The CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail consists of CFP-10, ESAT-6, Rv3872, and MPT63, in which the concentration of total proteins was

0.5 mg/ml and the volume ratio of the components was 1:1:0.5:0.5.
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FIG 3 Correlation between protein cocktail-based skin tests and traditional diagnostic methods. (A) Correlation between the CFP-10/ESAT-6/TB10.4 protein
cocktail-based skin test and the tuberculin skin test. (B) Correlation between the CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-based skin test and the
tuberculin skin test. (C) Correlation between the CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test and IGRA. (D) Correlation between the CFP-10/
ESAT-6/Rv3872/MPT63 protein cocktail-based skin test and IGRA. (E) Correlation between the tuberculin skin test and IGRA. (F) Correlation between the
CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test and the CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-based skin test. For panels A and C, 117
TB-infected cattle and 125 TB-free cattle were included to analyze the correlation between the CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test and the
tuberculin skin test or IGRA. For panels B and D, 148 TB-infected cattle and 67 TB-free cattle were included to analyze the correlation between the CFP-10/
ESAT-6/Rv3872/MPT63 protein cocktail-based skin test and the tuberculin skin test or IGRA. For panel E, 265 TB-infected cattle and 192 TB-free cattle were
included to analyze the correlation between the tuberculin skin test and IGRA. For panel F, 8 TB-infected cattle (three were experimentally infected cattle and
confirmed by PCR and Mycobacterium culture; five were naturally infected cattle and confirmed by PCR, with only one confirmed by Mycobacterium culture) and
8 TB-free cattle (from TB-free cattle confirmed by PCR, IGRA, and tuberculin skin test) were included to analyze the correlation between the CFP-10/ESAT-6/
TB10.4 protein cocktail-based skin test and the CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-based skin test.

skin thickness observed after the inoculation of stimuli was high  culin skin test, k = 0.8563; CFP-10/ESAT-6/TB10.4 versus IGRA,

(PPD-B versus CFP-10/ESAT-6/TB10.4, Spearman r = 0.844;
PPD-B versus CFP-10/ESAT-6/Rv3872/MPT63, Spearman r =
0.772; CFP-10/ESAT-6/TB10.4 versus CFP-10/ESAT-6/Rv3872/
MPT63, Spearman r = 0.8286) (Fig. 3). The correlation between
the OD,s, values obtained after blood stimulation with PPD-B
and the increases in skin thickness observed after inoculation of
stimuli was also high (IGRA versus CFP-10/ESAT-6/TB10.4,
Spearman r = 0.7335; IGRA versus CFP-10/ESAT-6/Rv3872/
MPT63, Spearman r = 0.649; IGRA versus PPD-B, Spearman r =
0.76). The protein cocktail-based skin tests showed good agree-
ment with traditional tests (CFP-10/ESAT-6/TB10.4 versus tuber-

April 2013 Volume 20 Number 4

Kk = 0.8154; CFP-10/ESAT-6/Rv3872/MPT63 versus tuberculin
skin test, k = 0.8082; CFP-10/ESAT-6/Rv3872/MPT63 versus
IGRA, k = 0.8270). Compared to the traditional diagnostic meth-
ods (tuberculin skin test and IFN-vy release assay), the relative
sensitivity of the CFP-10/ESAT-6/TB10.4-based skin test was
more than 87% and its relative specificity was more than 92%,
while the relative sensitivity and relative specificity of the CFP-10/
ESAT-6/Rv3872/MPT63-based skin test were higher than 89%
and 91%, respectively (Tables 3 and 4). Therefore, based on the
field trial, the protein cocktail-based skin tests are promising
methods to use for the field test.
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TABLE 3 Numbers of tested cattle and agreement between CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test and tuberculin skin test or IFN-
v release assay”

CFP-10/ESAT-6/TB10.4
protein cocktail-based

Tuberculin skin test IGRA

skin test result No. positive No. negative Total No. positive No. negative Total
Positive 205 (108") 20 (274 225 180 (108") 45 (254 225
Negative 28 (9%) 426 (205°) 454 20 (9%9) 434 (205°) 454
Total 233 446 679 200 479 679

“ Cattle from six different farms were tested. For the CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test, the protein cocktail consisted of CFP-10, ESAT-6, and TB10.4, with
the concentration of total proteins at 0.5 mg/ml and the volume ratio of the components at 1:1:1. The tuberculin skin test used PPD-B as the stimulus. IGRA, IFN-v release assay
using the Mycobacterium bovis gamma interferon test kit. The cutoff value for the CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test was set as 1.1 mm. Results for the
tuberculin skin test were evaluated as follows: if the difference in skin thicknesses was equal to or greater than 4 mm, the animal was considered infected with TB; if the difference
was smaller than 2 mm, the animal was considered free from TB; if the difference was greater than or equal to 2 mm and less than 4 mm, the result was considered inconclusive and
the animal should be retested after an interval of 60 days, and then if the difference is greater or equal to 2 mm, the animal should be considered TB infected. k values were as
follows: CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test and tuberculin skin test, k = 0.8536; CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test and IFN-+y release
assay, k = 0.8154. The relative specificities of the CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test compared to the tuberculin skin test and IFN-vy release assay were 97%

and 92%, respectively. The relative sensitivities of the CFP-10/ESAT-6/TB10.4 protein cocktail-based skin test compared to the tuberculin skin test and IFN-y release assay were

87% and 89%, respectively.

b Confirmed TB positive by PCR analysis.

¢ Confirmed TB free by PCR analysis.

“ Cattle from a farm with a low TB prevalence.

DISCUSSION

CFP-10 and ESAT-6 could be used as stimuli in the skin test and
IEN-v release assay, showing high specificity but lower sensitivity
than the PPD-based tuberculin skin test (6, 16, 24). Several anti-
gens have been added to increase the sensitivity of CFP-10- and
ESAT-6-based skin tests, such as MPB70, MPB83, Rv3020c,
Rv3615c, etc., but only a few of them have undergone field trials
(14, 15, 17, 25). In this study, two combinations (the CFP-10/
ESAT-6/TB10.4 protein cocktail and the CFP-10/ESAT-6/
Rv3872/MPT63 protein cocktail) were developed and used as
stimuli in the skin test. The addition of TB10.4 or a mix of Rv3872
and MPT63 could elicit stronger DTH in TB-infected cattle than
CFP-10/ESAT-6 used alone (Fig. 1), especially TB10.4. Compared
to the tuberculin skin test, the CFP-10/ESAT-6/TB10.4- and CFP-
10/ESAT-6/Rv3872/MPT63-based skin tests showed higher rela-
tive sensitivities (87% and 89%, respectively) than the CFP-10/
ESAT-6 protein cocktail-based skin test (76.2% and 48/63 [15])

based on overall field trials. Further, the ROC analysis based on
PCR-confirmed TB-infected cattle showed that the sensitivities
of the CFP-10/ESAT-6/TB10.4- and CFP-10/ESAT-6/Rv3872/
MPT63-based skin tests were 92.31% and 92.91%, respectively.
Although the T cell-stimulated activities of Rv3872 and MPT63
are weaker than that of TB10.4, the CFP-10/ESAT-6/Rv3872/
MPT63-based skin test showed sensitivity similar to that of the
CFP-10/ESAT-6/TB10.4-based skin test. This may be related to
higher antigen numbers in CFP-10/ESAT-6/Rv3872/MPT63,
even though the concentration of total proteins is the same (0.5
mg/ml) (17). The CFP-10/ESAT-6/TB10.4- and CFP-10/ESAT-6/
Rv3872/MPT63-based skin tests detected more positive cattle
than traditional diagnostic methods in a farm with alow TB prev-
alence. However, it is unfortunate that we were not able to kill
positive cattle in the farm with a low TB prevalence to confirm the
infection. Flores-Villalva et al. also found that the CFP-10/ESAT6-
based skin test can identify more positive cattle that were con-

TABLE 4 Numbers of tested cattle and agreement between CFP-10/ESAT-6/RV3872/MPT63-based skin test and tuberculin skin test or IFN-y

release assay”

CFP-10/ESAT-6/Rv3872/

Tuberculin skin test
MPT63 protein cocktail- ubereun stin fes

IGRA

based skin test result No. positive No. negative Total No. positive No. negative Total
Positive 179 (131%) 20 (45¢, 30) 199 177 (131%) 22 (45, 30) 199
Negative 22 (10%) 197 (63°) 219 15 (10%) 204 (63°) 219
Total 201 217 418 192 226 418

“ Cattle from three different farms were tested. For the CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-based skin test, the protein cocktail consisted of CFP-10, ESAT-6, Rv3872,
and MPT63, with the concentration of total proteins at 0.5 mg/ml and the volume ratio of the components at 1:1:0.5:0.5. The tuberculin skin test used PPD-B as the stimulus.
IGRA, IFN-y release assay using the Mycobacterium bovis gamma interferon test kit. The cutoff value for the CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-based skin test was
set as 1.0 mm. Results for the tuberculin skin test were evaluated as follows: if the difference in skin thicknesses was equal to or greater than 4 mm, the animal was considered
infected with TB; if the difference was smaller than 2 mm, the animal was considered free from TB; if the difference was greater than or equal to 2 mm and less than 4 mm, the
result was considered inconclusive and the animal should be retested after an interval of 60 days, and then if the difference is greater or equal to 2 mm, the animal should be
considered TB infected. k values were as follows: CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-based skin test and tuberculin skin test, k = 0.7987; CFP-10/ESAT-6/Rv3872/
MPTG63 protein cocktail-based skin test and IFN-vy release assay, k = 0.8223. The relative specificities of the CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-based skin test
compared to the tuberculin skin test and IFN-vy release assay were 91% and 90%, respectively. The relative sensitivities of the CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail-
based skin test compared to the tuberculin skin test and IFN-vy release assay were 89% and 92%, respectively.

b Confirmed TB positive by PCR analysis.
¢ Confirmed TB free by PCR analysis.
 Cattle from a farm with a low TB prevalence.
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firmed by PCR than the tuberculin skin test (15). This may be
related to the lower cutoff value of protein cocktail-based skin
tests than of PPD-B.

The tuberculin skin test is used widely in the world to diagnose
TB infection, but its specificity is often reduced by sensitization to
environmental Mycobacterium or infection with M. avium subsp.
paratuberculosis. Avian tuberculin was usually used as a contrast
stimulus in IGRA or comparative skin tests to remove the inter-
ference. However, comparative tests could be confused by coin-
fection with TB and M. avium, and the high price of the IGRA kit
encourages development of a more effective diagnostic method.
M. bovis-specific antigens were screened and used as stimuli in
skin test to improve the specificity of traditional diagnostic meth-
ods. In this study, two kinds of protein cocktails were used as
stimuli in skin tests and compared with PPD-B with the aim of
assessing the cocktails in herds with different bTB prevalence rates
and presence of M. avium. The main benefit of the application of
protein cocktails was observed in the M. avium-infected cattle,
because CFP-10/ESAT-6/TB10.4 and CFP-10/ESAT-6/Rv3872/
MPT63 did not induce detectable DTH in M. avium-infected cat-
tle, unlike when PPD-B was used as the stimulus (Fig. 1F and 2B).
Although the esxH gene, which codes for TB10.4, exists in M. bovis
and M. avium, the addition of TB10.4 did not induce DTH in M.
avium-infected cattle (Fig. 1F and 2B). Further, the clinical data
showed that the relative specificity of the CFP-10/ESAT-6/
TB10.4-based skin test (compared to tuberculin skin test, 97%;
compared to IFN-v release assay, 92%) is similar to that of CFP-
10/ESAT-6 (96%, 28/29 [15]), and ROC analysis based on PCR-
confirmed TB-free cattle (from TB-free herds) showed that the
specificities of the CFP-10/ESAT-6/TB10.4- and CFP-10/ESAT-6/
Rv3872/MPT63-based skin tests were 97.3% and 97.01%, respec-
tively. The reasons for the good specificity of TB10.4 are un-
known. It may be related to its lower concentration in M. avium
than M. bovis or in the M. avium strains prevalent in China.

In this study, 1,097 cattle were double-blind tested to assess the
efficiency of protein cocktail-based skin tests, and the results in-
dicated that the CFP-10/ESAT-6/TB10.4 protein cocktail and the
CFP-10/ESAT-6/Rv3872/MPT63 protein cocktail can be used as
possible alternates for the traditional tuberculin skin test. Al-
though the DTHs induced by the protein cocktails were signifi-
cantly weaker than that induced by PPD-B, the DTH induced by
the protein cocktails showed good correlation to that from PPD-B
(Spearman r > 0.75). The protein cocktail-based skin tests also
showed reasonably good agreement with the tuberculin skin test
and IGRA (k > 0.8); this was better than that for the ESAT-6/CFP-
10/Rv3615c-based skin test (tuberculin skin test, k = 0.714; TFN-y
release assay, k = 0.742), which was reported as the best protein
cocktail-based skin test so far (6). However, the CFP-10/ESAT-6/
TB10.4 protein cocktail-based skin test showed relatively higher
agreement with traditional diagnostic methods than the CFP-10/
ESAT-6/Rv3872/MPT63 protein cocktail-based skin test (Tables 3
and 4). Further, considering the presence of fewer components in
the CFP-10/ESAT-6/TB10.4 protein cocktail and its stronger
DTH responses (Fig. 1 and 2), the CFP-10/ESAT-6/TB10.4 pro-
tein cocktail was considered to be better than the CFP-10/ESAT-
6/Rv3872/MPT63 protein cocktail as stimuli in skin tests based on
overall field trials.

Unfortunately, it was impossible to slaughter all the cattle used
in this study to confirm the TB infection, but the PCR analysis of
nasal swabs helped us to confirm some results achieved with the
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protein cocktails in the skin test and to calculate the sensitivities of
the protein cocktail-based skin tests using ROC analysis. How-
ever, 825 cattle in TB or M. avium prevalent herds were analyzed
by PCR. Only 205 cattle were confirmed TB positive. Two TB-free
herds were selected to calculate the specificity of the protein cock-
tail-based skin tests, and the animals were confirmed free from TB
by using PCR, the tuberculin skin test, and IGRA, but a negative
result in PCR does not mean that the animal is not infected, be-
cause the cattle may be in a nonshedding pattern.

Conclusion. TB10.4, MPT63, and Rv3872 could strengthen
the DTH in M. bovis-infected cattle, and the CFP-10/ESAT-6/
TB10.4 protein cocktail-based skin test could differentiate M. bo-
vis-infected cattle from M. avium-infected ones and showed better
agreement with the traditional tuberculin skin test and IFN-vy
release assay than the CFP-10/ESAT-6/Rv3872/MPT63 protein
cocktail-based skin test. In conclusion, the CFP-10/ESAT-6/
TB10.4-based skin test responses correlate to traditional measures
of bovine TB evaluation but still require further validation using
gold standard methods.

ACKNOWLEDGMENTS

This work was supported by the Special Fund for Agro-Scientific Research
in the Public Interest (no. 200903027), the Special Fund for National High
Technology Research and Development Program of China (863 Program)
(no.2012AA101302), and the National Key Technology R&D Program in
the 11th Five Year Plan of China (2010BAD04B02).

We are especially grateful to the personnel at the farms involved in this
study for collecting samples.

We have no competing interests.

REFERENCES

1. Cousins DV, Bastida R, Cataldi A, Quse V, Redrobe S, Dow S, Duignan
P, Murray A, Dupont C, Ahmed N, Collins DM, Butler WR, Dawson D,
Rodriguez D, Loureiro J, Romano MI, Alito A, Zumarraga M, Ber-
nardelli A. 2003. Tuberculosis in seals caused by a novel member of the
Mycobacterium tuberculosis complex: Mycobacterium pinnipedii sp.
nov. Int. J. Syst. Evol. Microbiol. 53:1305-1314.

2. Alexander KA, Laver PN, Michel AL, Williams M, van Helden PD,
Warren RM, Gey van Pittius NC. 2010. Novel Mycobacterium tubercu-
losis complex pathogen, M. mungi. Emerg. Infect. Dis. 16:1296-1299.

3. Suzuki Y, Matsuba T, Nakajima C. 2010. Zoonotic aspects of tubercu-
losis caused by Mycobacterium bovis. Kekkaku 85:79—86.

4. Michel AL, Muller B, van Helden PD. 2010. Mycobacterium bovis at the
animal-human interface: a problem, or not? Vet. Microbiol. 140:371-381.

5. Gumi B, Schelling E, Berg S, Firdessa R, Erenso G, Mekonnen W, Hailu
E, Melese E, Hussein J, Aseffa A, Zinsstag J. 2012. Zoonotic transmission
of tuberculosis between pastoralists and their livestock in south-east Ethi-
opia. Ecohealth 9:139-149.

6. Casal C, Bezos J, Diez-Guerrier A, Alvarez J, Romero B, de Juan L,
Rodriguez-Campos S, Vordermeier M, Whelan A, Hewinson RG, Ma-
teos A, Dominguez L, Aranaz A. 2012. Evaluation of two cocktails
containing ESAT-6, CFP-10 and Rv-3615c¢ in the intradermal test and the
interferon-gamma assay for diagnosis of bovine tuberculosis. Prev. Vet.
Med. 105:149-154.

7. Hope JC, Thom ML, Villarreal-Ramos B, Vordermeier HM, Hewinson
RG, Howard CJ. 2005. Exposure to Mycobacterium avium induces low-
level protection from Mycobacterium bovis infection but compromises
diagnosis of disease in cattle. Clin. Exp. Immunol. 141:432—-439.

8. von Reyn CF, Horsburgh CR, Olivier KN, Barnes PF, Waddell R,
Warren C, Tvaroha S, Jaeger AS, Lein AD, Alexander LN, Weber D],
Tosteson AN. 2001. Skin test reactions to Mycobacterium tuberculosis
purified protein derivative and Mycobacterium avium sensitin among
health care workers and medical students in the United States. Int. J.
Tuberc. Lung Dis. 5:1122-1128.

9. Lee JE, Kim HJ, Lee SW. 2011. The clinical utility of tuberculin skin test
and interferon-gamma release assay in the diagnosis of active tuberculosis

cviasm.org 489

SYVO LSNI O4NI TIVHNLINDIYOV Ag LT0Z ‘9T YdseN uo /610" wise’1nd//:dny wolj papeojumoq


http://cvi.asm.org
http://cvi.asm.org/

Xin et al.

10.

11.

12.

13.

14.

15.

16.

17.

among young adults: a prospective observational study. BMC Infect. Dis.
11:96.

Jeong Y], Yoon S, Koo HK, Lim HJ, Lee JS, Lee SM, Yang SC, Yoo CG,
Kim YW, Han SK, Yim JJ. 2012. Positive tuberculin skin test or interfer-
on-gamma release assay in patients with radiographic lesion suggesting
old healed tuberculosis. J. Korean Med. Sci. 27:761-766.

Wilcke JT, Jensen BN, Ravn P, Andersen AB, Haslov K. 1996. Clinical
evaluation of MPT-64 and MPT-59, two proteins secreted from Mycobac-
terium tuberculosis, for skin test reagents. Tuber. Lung Dis. 77:250-256.
Nakamura RM, Velmonte MA, Kawajiri K, Ang CF, Frias RA, Mendoza
MT, Montoya JC, Honda I, Haga S, Toida I. 1998. MPB64 mycobacterial
antigen: a new skin-test reagent through patch method for rapid diagnosis
of active tuberculosis. Int. J. Tuberc. Lung Dis. 2:541-546.

Gillis TP, Job CK. 1987. Purification of the 65 kD protein from Myco-
bacterium gordonae and use in skin test response to Mycobacterium lep-
rae. Int. J. Lepr. Other Mycobact. Dis. 55:54—62.

Jones GJ, Whelan A, Clifford D, Coad M, Vordermeier HM. 2012.
Improved skin test for differential diagnosis of bovine tuberculosis by the
addition of Rv3020c-derived peptides. Clin. Vaccine Immunol. 19:620—
622.

Flores-Villalva S, Suarez-Guemes F, Espitia C, Whelan AO, Vorder-
meier M, Gutierrez-Pabello JA. 2012. Specificity of the tuberculin skin
test is modified by use of a protein cocktail containing ESAT-6 and CFP-10
in cattle naturally infected with Mycobacterium bovis. Clin. Vaccine Im-
munol. 19:797-803.

Bergstedt W, Tingskov PN, Thierry-Carstensen B, Hoff ST, Aggerbeck
H, Thomsen VO, Andersen P, Andersen AB. 2010. First-in-man open
clinical trial of a combined rdESAT-6 and rCFP-10 tuberculosis specific
skin test reagent. PLoS One 5:e11277. doi:10.1371/journal.pone.0011277.
Lyashchenko K, Manca C, Colangeli R, Heijbel A, Williams A, Gennaro
ML. 1998. Use of Mycobacterium tuberculosis complex-specific antigen
cocktails for a skin test specific for tuberculosis. Infect. Immun. 66:3606—
3610.

490 cviasm.org

18.

20.

21.

22.

23.

24.

25.

Skjot RL, Oettinger T, Rosenkrands I, Ravn P, Brock I, Jacobsen S,
Andersen P. 2000. Comparative evaluation of low-molecular-mass pro-
teins from Mycobacterium tuberculosis identifies members of the ESAT-6
family as immunodominant T-cell antigens. Infect. Immun. 68:214-220.

. Davila J, Zhang L, Marrs CF, Durmaz R, Yang Z. 2010. Assessment of

the genetic diversity of Mycobacterium tuberculosis esxA, esxH, and fbpB
genes among clinical isolates and its implication for the future immuni-
zation by new tuberculosis subunit vaccines Ag85B-ESAT-6 and Ag85B-
TB10.4. J. Biomed. Biotechnol. 2010:208371.

Rolinck-Werninghaus C, Magdorf K, Stark K, Lyashchenko K, Gennaro
ML, Colangeli R, Doherty TM, Andersen P, Plum G, Herz U, Renz H,
Wahn U. 2003. The potential of recombinant antigens ESAT-6, MPT63
and mig for specific discrimination of Mycobacterium tuberculosis and
M. avium infection. Eur. J. Pediatr. 162:534—-536.

Hanif SN, Al-Attiyah R, Mustafa AS. 2011. Cellular immune responses in
mice induced by M. tuberculosis PE35-DNA vaccine construct. Scand. J.
Immunol. 74:554-560.

Mustafa AS, Cockle PJ, Shaban F, Hewinson RG, Vordermeier HM.
2002. Immunogenicity of Mycobacterium tuberculosis RD1 region gene
products in infected cattle. Clin. Exp. Immunol. 130:37—42.

Liu S, Tobias R, McClure S, Styba G, Shi Q, Jackowski G. 1997. Removal
of endotoxin from recombinant protein preparations. Clin. Biochem. 30:
455-463.

Arend SM, Franken WP, Aggerbeck H, Prins C, van Dissel JT, Thierry-
Carstensen B, Tingskov PN, Weldingh K, Andersen P. 2008. Double-
blind randomized phase I study comparing rdESAT-6 to tuberculin as
skin test reagent in the diagnosis of tuberculosis infection. Tuberculosis
(Edinb.) 88:249-261.

Whelan AO, Clifford D, Upadhyay B, Breadon EL, McNair J, Hewinson
GR, Vordermeier MH. 2010. Development of a skin test for bovine tu-
berculosis for differentiating infected from vaccinated animals. J. Clin.
Microbiol. 48:3176-3181.

Clinical and Vaccine Immunology

SYVO LSNI O4NI TIVHNLINDIYOV Ag LT0Z ‘9T YdseN uo /610" wise’1nd//:dny wolj papeojumoq


http://dx.doi.org/10.1371/journal.pone.0011277
http://cvi.asm.org
http://cvi.asm.org/

	Assessment of a Protein Cocktail-Based Skin Test for Bovine Tuberculosis in a Double-Blind Field Test in Cattle
	MATERIALS AND METHODS
	Ethical approval.
	Bacterial species and plasmids.
	Preparation of antigens.
	Skin test procedure.
	IFN- release assay.
	PCR analysis.
	Bacteriology analysis.
	Design of recombinant protein-based skin test.
	Animal infection.
	Recombinant protein-based skin test used at clinic testing.
	Evaluation of diagnostic test and statistical analysis.

	RESULTS
	Design and verification of protein cocktail-based skin test procedure.
	Efficiency of protein cocktail-based skin test with experimentally infected cattle.
	Double-blind testing using the protein cocktail-based skin test with a large number of cattle.

	DISCUSSION
	Conclusion.

	ACKNOWLEDGMENTS
	REFERENCES


