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Bovine tuberculosis (b TB) remains endemic in domestic water buffaloes (Bubalus bubalis)
in India and elsewhere, with limited options for control other than testing and slaughter.
The prescribed tuberculin skin tests with purified protein derivative (PPD) for diagnosis of
bTB preclude the use of Bacille Calmette-Guérin (BCG)-based vaccination because of
the antigenic cross-reactivity of vaccine strains with Mycobacterium bovis and related
pathogenic members of the M. tuberculosis complex (MTBC). For the diagnosis of
bTB in domestic water buffaloes, we here assessed a recently described defined-
antigen skin test (DST) that comprises overlapping peptides representing the ESAT-6,
CFP-10 and Rv3615¢c antigens, present in disease-causing members of the MTBC
but missing in BCG strains. The performance characteristics of three doses (5, 10 or
20 wg/peptide) of the DST were assessed in natural tuberculin skin test reactor (n
= 11) and non-reactor (n = 35) water buffaloes at an organized dairy farm in Hisar,
India, and results were compared with the single intradermal skin test (SIT) using
standard bovine tuberculin (PPD-B). The results showed a dose-dependent response
of DST in natural reactor water buffaloes, although the SIT induced a significantly
greater (P < 0.001) skin test response than the highest dose of DST used. However,
using a cut-off of 2mm or greater, the 5, 10, and 20 wg DST cocktail correctly
classified eight, 10 and all 11 of the SIT-positive reactors, respectively, suggesting
that the 20 g DST cocktail has a diagnostic sensitivity (Se) of 1.0 (95% CI: 0.72—
1.0) identical to that of the SIT. Importantly, none of the tested DST doses induced
any measurable skin induration responses in the 35 SIT-negative animals, suggesting
a specificity point estimate of 1.0 (95% CI: 0.9-1.0), also identical to that of the SIT
and compares favorably with that of the comparative cervical test (Se = 0.85; 95%
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Cl: 0.55-0.98). Overall, the results suggest that similar to tuberculin, the DST enables
sensitive and specific diagnosis of bTB in water buffaloes. Future field trials to explore
the utility of DST as a defined antigen replacement for tuberculin in routine surveillance
programs and to enable BCG vaccination of water buffaloes are warranted.
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INTRODUCTION

Bovine tuberculosis (bTB) is a chronic inflammatory disease
of cattle caused by members of the Mycobacterium tuberculosis
complex, and in addition to being an important animal health
problem, bTB also poses a significant threat to public health (1).
It has been estimated that annual worldwide economic losses
associated with bTB are ~USD 3 billion (2). The disease is
well-controlled in high-income countries, however, bTB remains
endemic in most low- and middle-income countries (LMICs),
including India where bTB has significant impacts in terms
of decreased productivity, increased mortality and zoonotic
threat. While national control programs involving test-and-cull
strategies have proven to be hugely successful in high-income
countries, such approaches are often not feasible in LMICs for
both social and economic reasons.

India has the largest livestock population in the world,
including nearly 191 million cows and 109 million buffaloes
(3). Livestock rearing is one of the most important activities
in the rural areas of the country, and for many individuals, it
is the only source of livelihood. Haryana, a state in northern
India, has a large number (~4.3 million) of the Murrah breed of
domestic water buffaloes (Bubalus bubalis). Indigenous buffaloes
are important economically, contributing nearly 35% of the
country’s total milk (3). Although bTB has been well-studied
in cattle generally, studies on this disease in buffalo are scarce,
especially for high-producing breeds like Murrah.

A recent meta-analysis on bTB in India reported a pooled
prevalence of bTB of 43% (95% CI: 2.7, 6.7) in buffaloes,
calculated from a total of 29,037 animals tested between 1942
and 2016 (4). Without the implementation of any disease control
program, this current level of endemicity is predicted to increase
in the coming years, especially given the predicted intensification
of dairy farming in India. Given that test-and-cull-based control
programs are not implementable in India, a vaccine-based
intervention strategy may be a promising solution. The Bacille
Calmette-Guérin (BCG) vaccine was initially developed for
control of human tuberculosis by Albert Calmette and Camille
Guérin and was first used in humans in 1921 (5). While there
is evidence supporting BCG-induced protection against bTB,
the vaccine has not yet been licensed for use in cattle due to
the presence of cross-reactive antigens that interfere with the
specificity of the tuberculin skin tests recommended by the
World Organisation for Animal Health (6, 7).

Recent developments in the field of bTB diagnostics have
focused on fit-for-purpose tools that can reliably differentiate
infected and (BCG) vaccinated animals (DIVA) in order to
make implementation of BCG-based intervention strategies a

possibility in LMICs. Several antigens with DIVA capability have
been evaluated, of which ESAT-6, CFP-10, and Rv3615c appear
to be the most promising (8, 9). These antigens have been
extensively evaluated both in experimental and field conditions,
and a peptide-based formulation of these antigens, henceforth
referred to as the defined antigen skin test (DST), was previously
evaluated for its utility in field studies in cross-bred cattle both in
natural reactors and in BCG vaccinates (9, 10). Here, we assess
the utility and performance of DST in buffaloes in India.

MATERIALS AND METHODS

Antigens and Peptides

The DST used in the study is comprised of M. bovis antigens
ESAT-6, CFP-10, and Rv3615c. Peptides (n = 13) representing
these antigens were chemically synthesized at >98% purity
by GenScript USA, Inc. and USV Private Limited, India (see
Supplementary Table 1 for peptide sequences). The safety of
DST has been demonstrated in Bos taurus subsp. indicus under
Good Laboratory Practice (GLP) conditions in India with repeat
and overdosing experiments (unpublished data). The bovine
tuberculin (PPD-B) and avian tuberculin (PPD-A) were sourced
from Prionics, Thermo Fisher, Schlieren, Switzerland.

Animals

To determine the performance characteristics of DST in
buffaloes, skin tests were conducted in adult female Murrah
buffaloes (3-5 years old) recruited from an animal farm at the
Lala Lajpat Rai University of Veterinary and Animal Science
(LUVAS), Hisar, Haryana, India. Recruited animals that were
known bTB reactors based on prior single intradermal testing
with PPD-B (n = 11), were housed separately from the healthy
herd. Skin tests were also conducted in control naive animals (n
= 35) from the organized dairy farm. All animal experiments
were approved by the Institutional Animal Ethics Committee
(IAEC) of the institute (letter number VCC/IAEC/2590-2619
dated 27-12-2018).

Interferon-Gamma Enzyme-Linked

Immunosorbent Assay

For in vitro stimulation of whole blood, PPD-B and PPD-
A were used at a final concentration of 300 and 250 IU/ml,
respectively, as per the BOVIGAM™ kit (Thermo Fisher
Scientific) instructions. The DST peptide cocktail was used
at 10pg/ml in in vitro assays. Whole blood was collected
and stimulated overnight at 37°C, 5% CO,, with the antigens
in vitro. BOVIGAM™ kits were used to determine IFN-y
concentrations in whole-blood culture supernatants. Results
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for antigen-stimulated cultures were expressed as background-
corrected optical density at 450 nm (i.e., AOD450).

Intradermal Skin Test Procedures

Skin tests using PPD-tuberculins (PPD-A at 25,000 IU/ml and
PPD-B at 30,000 IU/ml) were performed as recommended by the
manufacturer (Thermo Fisher Scientific, USA), and the results
were interpreted as per OIE guidelines (11). Skin thickness was
measured by the same operator before administration of PPD
and at 72h post-injection. Skin test readings were measured
in millimeters as per OIE-prescribed guidelines. The DST was
administered in three different doses, i.e., 5, 10, and 20 g of
each peptide constituent (final injection volume = 0.1 ml), and
the sites of injection were randomized. For the single intradermal
test (SIT) involving only PPD-B, an increase in skin thickness of
4 mm or more was considered a positive reaction (11), whereas
for DST, an increase in skin thickness of 2mm or more was
considered a positive reaction based on the studies conducted
in cattle (9). For the comparative cervical test (CCT) involving
injection of both PPD-A and PPD-B, a difference in increase in
skin thickness between the two infection sites (B-A) is calculated.
Per OIE guidelines, a measurement of >4 mm was considered
positive for CCT.

Statistical Analyses

All statistical analyses were performed using Prism 8 (GraphPad
Software, La Jolla, CA). Confidence intervals (CI) for the
sensitivity estimates in natural reactors for DST and PPDs were
calculated using the Clopper-Pearson method. For PPD-B, we
calculated a one-sided CI (lower 95% CI: 76). Standard two-sided
CIs were calculated for CCT, i.e., PPD (B-A) and DST using the
same method with point estimates of 82% (95% CI: 48, 98).

RESULTS

Performance of the Defined Antigen

Cocktail in the in vitro IFN-y Release Assay
IGRAs were conducted to compare the performance of the DST
peptide cocktail, composed of ESAT-6, CFP-10, and Rv3615c,
with that of the PPDs (Figure 1). The data demonstrated that
PPD-B induced a significantly greater IFN-y response in reactor
animals when compared to the DST cocktail (P < 0.05; mean
of difference = 0.053), while there was no statistical significance
in the response induced by DST vs. PPD-B minus PPD-A (P =
0.98). Out of 11 animals tested, nine showed IGRA positivity
(IGRA cut-off > 0.1) when PPD-B alone was considered,
eight were IGRA-positive by PPD-B minus PPD-A, and seven
were IGRA-positive by DST; however, the differences were not
statistically significant. The data suggest that the DST peptide
cocktail may be used as a stimulating antigen in blood tests for
diagnosis of bTB in buffaloes.

Defined Antigens Induce a Sensitive and
Specific Skin Test Response

The performance of the DST was assessed in natural reactor (n =
11) and non-reactor (n = 35) buffaloes. The results showed that,
when using a cut-off of 2 mm or more, the DST cocktail at 5, 10,
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FIGURE 1 | Capacity of DST antigens to induce an in vitro IFN-y response in
whole blood collected from naturally infected buffaloes (n = 11). The
background-corrected optical density (OD) values for all antigens tested are
shown. The horizontal line indicates the mean (+SD), and the statistical
difference between the responses was determined by using the paired t-test
(*P < 0.05). The means of background-subtracted OD values for DST, PPD-A,
PPD-B, and PPD(B-A) were found to be 0.37, 0.62, 0.90, and 0.29,
respectively. The standard deviations for DST, PPD-A, PPD-B, and PPD(B-A)
were 0.62, 0.43, 0.60, and 0.27, respectively.

and 20 pg correctly classified eight, 10 and 11 of the 11 reactors
as positive, respectively (Figure2 and Table 1). The standard
bovine tuberculin antigen (PPD-B), used in the SIT, induced a
significantly stronger skin test response than that induced by the
highest dose of DST used in this study (P < 0.001) and identified
all 11 reactors as positive, whereas the CCT identified nine of the
11 buffaloes as reactors. Notably, none of the tested DST doses
induced any measurable skin induration responses in the control
group (n = 35).

DISCUSSION

Recent developments in the field of bTB diagnostics have
centered around identifying candidate antigens for DIVA in
order to enable vaccine-based interventions in LMICs. Previous
studies on the use of defined skin test antigens in cattle, using a
combination of ESAT-6, CFP-10, MPB70, and MPB83, concluded
that these antigens are promising candidates for performing
the IGRA in cattle, with the ability to differentiate between
vaccinated animals and those infected with M. bovis (8, 12).
The current study was performed to assess the performance
of a recently developed peptide-based DST cocktail in Murrah
buffaloes, an economically important breed of buffaloes in India.
In this study, we first performed IGRAs with DST peptides at
10 ug/ml. Although PPD-B was the most sensitive in eliciting
IFN-y responses in vitro, there was no significant difference in
the responses elicited by the DST peptides and PPD(B-A). To
our knowledge, this is the first study where potential of defined
skin test antigens has been demonstrated in naturally tuberculin
skin test reactor domestic buffaloes. Our data demonstrated
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FIGURE 2 | Skin test responses for PPD-A, PPD-B and DST at three doses (5, 10, and 20 ug/ml). Responses were measured at 72 h after injection in naturally
infected (n = 11) and naive control (n = 35) buffaloes. Results are expressed as the difference in skin thickness (in millimeters) between the pre- and post-skin-test
readings, with the horizontal line providing the median (£95% Cl). The statistical difference between the responses was determined using analysis of variance
(ANOVA) (*P < 0.05; **P < 0.01; ***P < 0.001). The solid horizontal lines at 2 and 4 mm are the cut-offs used for DST, and CCT and PPD-B, respectively. The mean
skin thickness recorded for DST@5, DST@10, DST@20, PPD-B, PPD-A, and CCT in reactor buffaloes are 2.8, 3.5, 6.2, 13.8, 6.3, and 7.5 mm respectively.

Controls, n =35

TABLE 1 | Relative sensitivities of SIT, CCT, and DST at different doses.

Test? Positive Negative Sensitivity

SIT? ihl 0 100% (lower 95% Cl: 71.5)
CCT 9 2 84.6% (95% Cl: 54.5, 98.1)
DST, 5 ng 8 3 78.6% (95% Cl: 49.2, 95.3)
DST, 10 ng 10 1 91.7% (95% CI: 61.5, 99.8)
DST, 20 pgP iR 0 100% (lower 95% Cl: 71.5)

aThe diagnostic specificity for all tests listed was found to be 100% (lower 95% Cl: 71.5).
bThe SIT and the DST with 20 wg identified all 11 natural reactors as test-positive.

that, these peptide-based antigens have promising potential for
use in IGRAs as an ancillary test in concert with the skin
test for distinguishing between reactor and uninfected animals.
However, as this proof-of-concept study has only been performed
on a small number of animals, it will be important to validate the
performance of DST in a larger cohort of known infected and
naive buffaloes.

We also assessed the utility of the DST peptide cocktail
as a skin test reagent in buffaloes. Of the three different
doses (5, 10, and 20 pg per peptide) of DST that were
compared, 20 pg/ml appeared to have the highest sensitivity,
although higher concentrations may need to be tested to achieve
an optimal balance between sensitivity and specificity. Most
importantly, the peptide cocktail also proved to be highly

specific, as no measurable skin induration response was observed
following injection into naive uninfected buffaloes. Both SIT
and the highest dose of DST were found to be 100% sensitive,
identifying all 11 naturally-infected buffaloes as reactors. In this
context, it is important to note that, given the high burden of
environmental mycobacteria in India, PPD-B can induce non-
specific responses, often leading to high rates of false-positivity
with SIT. The CCT with the simultaneous injection of PPD-
A helps overcome this loss of specificity associated with SIT,
but only at the expense of sensitivity. The results of this study
showed that the peptide-based DST provides sensitivity and
specificity equivalent to that of the OIE-recommended CCT,
without the need for a second injection. Moreover, DST at its
highest tested dose (20 pg/ml) elicits a lower amplitude of skin
test response in infected animals (6.18 & 2.60 mm) as compared
with PPD-B (13.81 + 4.68 mm) without hindering the specificity
estimate. Such exuberant non-specific PPD-B responses tend to
raise concerns and limit acceptability of the SIT among farmers.
In reactor buffaloes, we found that 20 g DST produced a skin
response greater than the cut-off of 2mm in all of the animals
tested. In this context, it is crucial to highlight the difference in
antigen dosage that may be necessary for accurate bTB diagnosis
in cattle and buffaloes. In a previous study with cross-bred cattle,
pilot dose titration experiments showed that DST@10 may be the
optimal dose in cross-bred cattle (9). However, here the data show
that DST@20 may be better suited for bTB diagnosis in buffaloes
as it identified all reactors as test-positive without compromising
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test Specificity. Future studies that are adequately statistically
powered are required to accurately determine the antigen dosage
required for diagnosis in buffaloes.

In 2019, the World Health Organization reported that over
nine million people developed TB, of which ~1.5 million died
(13). Only eight countries account for about two-thirds of
the total reported cases of TB, with India leading the count.
Moreover, some recent estimates suggest that ~9% of all human
TB cases in India may be of zoonotic origin (14). Hence, it
is increasingly recognized that controlling TB in the livestock
population in these settings could be a major step toward
attaining the ambitious End TB goal of 2035 (15). As part of these
control efforts, effective methods of identifying infected animals
are needed. However, there are several major limitations to the
OIE-recommended tuberculin-based skin tests, including the fact
that the active components in the reagent are undefined and
their interference with BCG-based vaccination. In contrast, the
peptide-based DST offers superior quality control and potential
for DIVA has previously been demonstrated in cattle (10), and
the current study indicates that the DST antigens are promising
candidates for differentiating between reactor and uninfected
buffaloes. Limitations of the study include the relatively small
number of animals and their origin from a single dairy farm.
Hence, these results will need to be verified in larger cohorts
of naturally infected and naive animals to establish more
refined estimates of sensitivity and specificity of the DST in
buffaloes prior to consideration for replacement of the traditional
tuberculin standard. Moreover, while the DIVA capability of DST
enables implementation of BCG vaccination as an intervention,
the efficacy of BCG vaccination in buffaloes remains unknown.
Field trials are in process to evaluate the performance of DST in
larger cohorts of infected, BCG-vaccinated and naive buffaloes,
and the efficacy of BCG in buffaloes in natural transmission
settings in India is being planned.
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