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Improved Skin Test for Differential Diagnosis of Bovine Tuberculosis
by the Addition of Rv3020c-Derived Peptides

Gareth J. Jones,® Adam Whelan,? Derek Clifford,® Mick Coad,? and H. Martin Vordermeier®

TB Research Group® and Animal Services Unit,°> Animal Health and Veterinary Laboratories Agency, New Haw, Addlestone, Surrey, United Kingdom

A peptide cocktail derived from the mycobacterial antigens ESAT-6, CFP-10, and Rv3615c allowed differentiation between Myco-
bacterium bovis-infected and M. bovis bacillus Calmette-Guérin (BCG)-vaccinated cattle when used as a skin test reagent for a
“DIVA” test (i.e., a test capable of differentiating infected and uninfected vaccinated animals). Addition of the antigen Rv3020c
improves the diagnostic sensitivity without compromising specificity in the face of BCG or Johne’s disease vaccination.

ovine tuberculosis (BTB) caused by the bacterial pathogen

Mpycobacterium bovis poses a major economic threat to the
farming industry, and despite the current “test and slaughter”
control policy, the incidence of BTB in Great Britain has been
steadily rising over the last 20 years (5). Thus, the British govern-
ment has acknowledged the urgent need for an effective vaccine.
Current promising vaccines are based on heterologous prime-
boost approaches that include the live attenuated M. bovis vaccine
strain bacillus Calmette-Guérin (BCG) (14, 16-19). However,
BCG vaccination sensitizes the animal to bovine tuberculin and
compromises the specificity of the tuberculin tests currently used
for diagnosis of BTB. Therefore, it is essential that diagnostic tests
capable of differentiating infected and uninfected vaccinated ani-
mals (“DIVA” tests) are developed in parallel with vaccine initia-
tives. Although the application of such DIVA tests is largely eval-
uated in the form of blood-based gamma interferon (IFN-vy)
release assays (IGRAs), a skin test format would provide a practi-
cal additional option, given the high degree of familiarity with and
application of the tuberculin skin test by veterinarians and clini-
cians.

Recently, we described a DIVA skin test reagent that induced a
delayed-type hypersensitivity response in M. bovis-infected cattle
but not in BCG-vaccinated animals (20). This reagent consisted of
recombinant proteins or a cocktail of synthetic immunogenic
peptides. The peptide cocktail contained (i) peptides spanning the
entire amino acid sequence of the mycobacterial proteins ESAT-6
and CFP-10 (11 and 10 peptides, respectively); (ii) a single peptide
from the mycobacterial protein MPB83 (p195-214) (15), and (iii)
three peptides from the mycobacterial protein Rv3615c¢ (p65-84,
P73-92, and p84-103) (13). The specificities of ESAT-6, CFP-10,
and Rv3615c are due to either their location in the RD-1 region
that is deleted from all BCG strains (e.g., ESAT-6 and CFP-10) (4,
6, 7, 10) or because, although not located within the RD-1 dele-
tion, secretion of the protein is dependent upon the Esx-1 secre-
tion system contained within the RD-1 region (e.g., Rv3615c¢)
(11).

Further development of this DIVA reagent revealed that the
MPB83 peptide could be omitted from the cocktail without com-
promising test sensitivity (data not shown). Next, we investigated
whether addition of further immunogenic peptides to the cocktail
would enhance its sensitivity in disclosing M. bovis-infected ani-
mals. We have previously demonstrated that peptide pools repre-
senting the antigens Rv2346¢ and Rv3020c induced IFN-vy pro-
duction in whole blood from M. bovis-infected animals but not
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from BCG-vaccinated cattle (8). Thus, these peptide cocktails
were chosen for evaluation in the DIVA skin test in 16 M. bovis-
infected field reactors (ages, 12 to 27 months; median, 15
months). Subsequent postmortem analysis revealed that all 16
tuberculosis (TB) reactor animals had visible tuberculous lesions,
and all but one were M. bovis culture positive. These animals re-
ceived intradermal injections (0.1-ml volume) in the neck with
the following antigens: avian tuberculin (purified protein deriva-
tive A [PPD-A]J; 2,500 IU [Prionics, Lelystad, Netherlands]), bo-
vine tuberculin (PPD-B; 3,000 IU [Prionics, Lelystad, Nether-
lands]), Rv2346¢ peptide cocktail, Rv3020c peptide cocktail, and
ESAT-6/CFP-10/Rv3615c peptide cocktail with or without either
Rv2346¢ or Rv3020c peptide cocktails. In all cases, the peptide
cocktails were tested at a concentration of 10 ug/peptide/injec-
tion, respectively. Skin induration at the injection sites was mea-
sured using calipers by the same operator prior to and 72 h after
the skin test, and the results are expressed as the difference in skin
thickness (mm) between the two readings. As shown in Fig. 1, all
16 M. bovis-infected cattle demonstrated PPD-B skin test reac-
tions. All 16 tested positive to the single intradermal tuberculin
(SIT) test and to the single intradermal cervical comparative tu-
berculin (SICCT) test at the “severe” level of interpretation (Table
1). When the standard interpretation of the SICCT test was ap-
plied, 87.5% (14/16) tested positive (Table 1). The ESAT-6/CFP-
10/Rv3615c peptide cocktail (Pep) induced detectable responses
in 12/16 animals, demonstrating again its potential as a BT B diag-
nostic skin test reagent (Fig. 1 and Table 1). The Rv2346¢ and
Rv3020c peptide cocktails on their own elicited skin test responses
in only 4/16 and 8/16 animals, respectively (Fig. 1). When used in
combination with ESAT-6/CFP-10/Rv3615c¢ (Pep), both Rv2346¢
and Rv3020c enhanced the numbers of animals mounting a skin
test response to 13/16 and 14/16, respectively (Fig. 1). However,
only addition of Rv3020c peptides to the ESAT-6/CFP-10/
Rv3615c¢ cocktail induced a significant increase in skin thickening
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FIG 1 Skin test responses to defined antigens in M. bovis-infected cattle. Re-
sults are expressed as the difference in skin thickness (mm) between the pre-
and postskin test readings. Pep, peptide. Each open circle represents an indi-
vidual animal, while the horizontal line provides the mean = standard error of
the mean (SEM). P < 0.05, repeated-measures ANOVA and Tukey’s posttest
analysis.

compared to ESAT-6/CFP-10/Rv3615c alone (P < 0.05; repeated-
measures analysis of variance [ANOVA], Tukey’s posttest analy-
sis). It should be noted that responses to the ESAT-6/CFP-10/
Rv3615¢/Rv3020c peptide cocktail were lower than those to
PPD-B, highlighting that there is still room for further enhance-
ment of skin test DIVA reagents.

Having shown that ESAT-6/CFP-10/Rv3615¢/Rv3020c was the
best peptide cocktail for disclosing M. bovis-infected animals, we
next wished to confirm that the specificity of this reagent was not
compromised by the addition of Rv3020c peptides. To this end,
we tested this reagent in naive calves and in calves that had been
vaccinated subcutaneously with a single dose of 1 X 10° CFU of

TABLE 1 Performance of the skin test reagents

Refined DIVA Skin Test for Bovine Tuberculosis

BCG Danish (Staten Serum Institute, Sweden). Furthermore,
given that Mycobacterium avium subsp. paratuberculosis infection
(1-3) and immunization with M. avium subsp. paratuberculosis
vaccines (9) are confounding factors in the diagnosis of M. bovis
infection, we also compared the skin test specificity of the ESAT-
6/CFP-10/Rv3615¢/Rv3020c reagent with that of PPD-based tests
in animals that had been vaccinated subcutaneously with 2 ml of
the M. avium subsp. paratuberculosis Gudair vaccine (CZ Veteri-
naria, Spain), either alone or in combination with BCG vaccina-
tion. The calves used in this study were aged between 159 and 194
days (median age of 162 days) at the time of skin testing (see Table
1 footnotes for timings of the vaccinations and skin testing). The
criteria for a positive skin test with the different antigens were as
follows: (i) SICCT responses were considered positive if the
change in (A) skin thickness for PPD-B — PPD-A is >4 mm (stan-
dard World Organisation for Animal Health [OIE] and United
Kingdom test interpretation) or >2 mm (severe United Kingdom
test interpretation); (ii) SIT responses were considered positive if
A skin thickness for PPD-B is =4 mm; and (iii) peptide cocktail
responses were considered positive if A skin thickness is =1 mm.
The SICCT was only compromised in a proportion of calves that
been vaccinated with BCG only, none of which responded to the
DIVA cocktail (Table 1). Across all 41 noninfected/vaccinated an-
imals tested, only 1 (2.4%) mounted a detectable (1-mm) skin test
response to ESAT-6/CFP-10/Rv3615¢/Rv3020c, while 25 (61%)
were SIT positive to bovine tuberculin. Thus, these results dem-
onstrate that in contrast to the SIT skin test, the ESAT-6/CFP-10/
Rv3615¢/Rv3020c skin test reagent demonstrated a high level of
specificity when used in animals vaccinated with combinations of
BCG and/or Mycobacterium avium subsp. paratuberculosis vac-
cines.

The Bovigam IFN-vy test (Prionics, AG, Switzerland) is an al-
ternative blood-based test for diagnosis of BTB (21). Briefly, cattle
whole blood is cultured for 24 h with and without test antigens
(including PPD-B, PPD-A, and peptide cocktails), following which

% positive (95% CI)*

ICCT
No. of Stee
Group animals Standard® Severe? SIT® E/C/RV/ E/C/Rv + Rv3020¢
M. bovis infected 16 87.5 (61.7-98.5) 100 (79.4-100) 100 (79.4-100) 75.0 (47.7-92.7)  87.5(61.7-98.5)
Noninfected and vaccinated”
Naive controls 7 0 (0-41.0) 0 (0-41.0) 0 (0-41.0) 0 (0-41.0) 0 (0-41.0)
BCG alone 7 14.3 (0.4-57.9) 57.1 (18.4-90.1) 71.4 (29.1-96.3) 0 (0-41.0) 0 (0-41.0)
BCG followed by Gudair 7 0 (0-41.0) 0 (0-41.0) 100 (59.0-100) 0 (0-41.0) 0 (0-41.0)
Gudair followed by BCG 7 0 (0-41.0) 0 (0-41.0) 85.7 (42.1-99.6) 0 (0-41.0) 0 (0-41.0)
BCG + Gudair at same time 6 0 (0-45.9) 0 (0-41.0) 50.0 (11.8-88.2) 0 (0-45.9) 0 (0-45.9)
Gudair alone 7 0 (0-41.0) 0 (0-41.0) 57.1 (18.4-90.1) 14.3 (0.4-57.9) 14.3 (0.4-57.9)
Total noninfected 41 2.4 (0.1-12.9) 9.8 (2.7-23.2) 61.0 (44.5-75.8) 2.4 (0.1-12.9) 2.4 (0.1-12.9)

@ Values in this row represent test sensitivities.

b Primary vaccination at 6 weeks of age, second vaccination (where given) at 12 weeks of age, and skin test at approximately 23 weeks of age. Values in these rows represent the

percentage of false-positive test results.

¢ Response considered positive if A skin thickness for PPD-B — PPD-A is >4 mm (standard OIE and United Kingdom test interpretation).
@ Response considered positive if A skin thickness for PPD-B — PPD-A is >2 mm (severe United Kingdom test interpretation).

¢ Response considered positive if A skin thickness for PPD-B is =4 mm.

FResponse considered positive if A skin thickness is =1 mm. E/C/Rv denotes ESAT-6/CFP-10/Rv3615c¢ peptide cocktail.

£95% CI, 95% confidence interval.
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IFN-vy levels in the culture supernatants are measured via enzyme-
linked immunosorbent assay (ELISA). However, the specificity of
this test is compromised in young cattle (<6 months of age), due in
part to the induction of nonspecific IFN-vy production from natural
killer cells (12). Given that the 41 noninfected animals studied herein
were less than 6 months old, the use of the Bovigam IFN- test is
counterindicative as a diagnostic test for these animals. Confirming
this observation, when our study animals were tested with the peptide
cocktails using the Bovigam IFN-vy test, 6 and 12 of the 41 non-M.
bovis-infected animals mounted IFN-vy responses to ESAT-6/CFP-
10/Rv3615c and ESAT-6/CFP-10/Rv3615¢/Rv3020c, respectively
(data not shown). (ELISA responses were considered positive if the
optical density at 450 nm [OD,s,] for peptide cocktail-stimulated
cultures — nil antigen-stimulated cultures was >0.1.) Responses to
these peptide cocktails were also observed in naive cattle, further con-
firming the confounding effect of young age on this test (data not
shown). Importantly, this age effect had no negative impact on the
performance of the DIVA peptide cocktails when used as a skin test
reagent, highlighting the potential specificity benefits of this test for-
mat for use in young cattle.

In summary, the results presented herein highlight the contin-
ued advancement of a practical and sensitive skin-test-based
DIVA diagnostic test that can be developed in parallel with current
vaccine initiatives for both M. bovis and M. avium subsp. paratu-
berculosis infections.
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