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This report describes the kinetics of T-cell responses to a panel of mycobacterial antigens (PPD-M, PPD-A,
ESAT-6, Ag85, 38kD, MPB64, MPB70, MPB83, hsp16.1, hsp65, and hsp70) following experimental infection of
cattle with Mycobacterium bovis. Increased antigen-specific lymphocyte proliferation, gamma interferon, and
interleukin-2 responses were observed in all calves following infection. Positive lymphocyte proliferation and
cytokine responses to PPD-M and ESAT-6 were observed throughout the infection period studied. In contrast,
responses to all other antigens were more variable and were not constantly present, suggesting that antigen
cocktails rather than individual antigens should be used for immunodiagnosis. The detection of cytokine
responses in the absence of lymphocyte proliferation, particularly during the early stages of infection, suggests
a role for antigen-specific cytokine readout systems in the early identification of M. bovis infection in cattle.

The control of bovine tuberculosis in Great Britain currently
relies upon a test-and-slaughter strategy in which animals in-
fected with Mycobacterium bovis are identified using the single
comparative intradermal tuberculin skin test (23). However,
the incidence of bovine tuberculosis is increasing in the British
national herd and the urgent need for new and improved cattle
vaccines and diagnostic aids has been clearly stated in a recent
independent scientific review (10). For the rational develop-
ment of such reagents, it is important to assess the nature of
the early immune responses that occur in cattle following in-
fection with M. bovis.

An experimental low-dose M. bovis challenge system for
cattle has been previously described which results in the de-
velopment of lesions that are distributed similarly to those seen
in naturally occurring bovine tuberculosis (2). This model has
been used to show that following infection of cattle with M.
bovis, tuberculin-induced lymphocyte proliferation, gamma in-
terferon (IFN-g), and interleukin-2 (IL-2) responses are gen-
erated (3, 19). An intranasal-challenge model has also been
used to describe the mobilization of peripheral T cells follow-
ing infection with M. bovis (20), the presence of ESAT-6-
driven IFN-g responses (21), and also lymphocyte proliferation
and IFN-g responses to MPB64 and MPB70 (15) in both ex-
perimentally and naturally infected cattle.

Great variation in the cellular response, both between indi-
viduals and over time within an individual, to mycobacterial
antigens purified from M. bovis culture filtrate by gel electro-
phoresis has been previously described in cattle infected with
M. bovis (8). Such variation has important ramifications for the
evaluation of potential diagnostic reagents. We therefore set
out to delineate the kinetics of T-cell (proliferation, IFN-g,
and IL-2) responses to a panel of defined mycobacterial anti-
gens in cattle experimentally infected intratracheally with an
isolate of M. bovis from Great Britain. The antigens chosen for
this study were selected on the basis of their ability to induce
cellular immune responses in bovine or human tuberculosis (1,
8, 14–16, 21, 25–26, 31–33, 36). Antigens included were the

bovine (PPD-M) and avian (PPD-A) tuberculin preparations
routinely used in the diagnosis of bovine tuberculosis, a group
of proteins that are either secreted by live mycobacteria or
associated with the cell wall (MPB64, MPB70, MPB83,
ESAT-6, Ag85, and 38kD), and three somatic stress proteins
(hsp16.1, hsp65, and hsp70).

This report describes the kinetics of cellular recognition of
these individual antigens by cattle experimentally infected with
M. bovis from the time of infection until gross tuberculous
lesions were well developed. Results generated by this report
show how antigens may be differentially recognized over the
time course of infection and reinforce the need for cocktails,
rather than single antigens, in diagnostic tests. Our results also
support the use of rapid and sensitive cytokine readout systems
as a potential method for the early diagnosis of bovine tuber-
culosis.

MATERIALS AND METHODS

Mycobacterial antigens. The mycobacterial antigens used in this study are
described in Table 1. Bovine (PPD-M) and avian (PPD-A) tuberculin prepara-
tions and the recombinant proteins ESAT-6, MPB70, and MPB83 were produced
at the Veterinary Laboratories Agency (VLA), Weybridge, United Kingdom, as
described previously (32). Recombinant MPB64 was kindly provided by D. Bak-
ker (Animal Health Science, Boxtel, The Netherlands). Native Ag85, isolated
from M. bovis BCG culture filtrate as described previously (34) and comprising
Ag85A, -B and -C, was donated by K. Huygen (Instituut Pasteur, Brussels,
Belgium). Recombinant hsp16.1, hsp65, and hsp70 and 38kD lipoprotein were a
kind gift from M. Singh (GBF, Braunschweig, Germany).

Experimental animals. Four female Friesian Limousin cross calves (CN1100,
CN1104, CN1098, and CN1109) approximately 6 months of age were obtained
from a herd free of bovine tuberculosis (i.e., with a history of negative skin test
results). The calves were inoculated intratracheally in accordance with the pro-
tocol described by Buddle et al. (4) with M. bovis (AF2122/97). Two calves
(CN1104 and CN1100) received 6.6 3 104 CFU, and two calves (CN1098 and
CN1109) received 6.6 3 105 CFU. During the study, animals were housed in a
high-security isolation unit under negative pressure and expelled air was filtered.
Two weeks prior to postmortem, all animals were tested by the single compar-
ative intradermal tuberculin skin test using avian and bovine tuberculin as stated
by the European Economic Community directive (7).

Postmortem examinations and culture for M. bovis. Euthanasia was carried
out at 19 or 20 weeks postinfection by intravenous injection of sodium pento-
barbitone, and a detailed postmortem was performed. Each of the following
lymph nodes (or lymph node chains) was removed aseptically: right and left
lateral retropharyngeal, right and left medial retropharyngeal, right and left
submandibular, right and left cervical superficial, right and left bronchial, cranial
mediastinal chain, caudal mediastinal chain, and representative samples of the
mesenteric chain. These lymph nodes were subsequently serially sliced (approx-
imately 2 mm) with a scalpel and inspected. Samples from individual nodes and
lesions were obtained for mycobacterial culture and histological examination.
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The remaining superficial and visceral lymph nodes were inspected in situ. Each
lung lobe was serially sliced (approximately 5 mm), and all slices were palpated
and inspected. The respiratory airways were cut open as far into the lung pa-
renchyma as possible and inspected.

Lymphocyte proliferation assay. Peripheral blood mononuclear cells (PBMC)
were separated from heparinized venous blood over Histopaque 1077 (Sigma)
and resuspended in culture medium (RPMI 1640 medium with Glutamax
[Gibco] supplemented with 5% CPSR [serum replacement; Gibco], nonessential
amino acids [Gibco], penicillin at 100 U/ml, streptomycin at 100 mg/ml, and 5 3
1025 M 2-mercaptoethanol [Gibco]). Cells were resuspended to 2 3 106/ml, and
0.1 ml was added per well to 96-well flat-bottom microtiter plates (Nunc).
Antigens were added at 0.1 ml/well in triplicate (10-mg/ml final concentration of
all antigens used in this study). The cultures were incubated for 5 days at 37°C in
5% CO2, pulsed with tritiated thymidine (37 kBq/well; Amersham, Amersham,
United Kingdom), and harvested 24 h later. Incorporated radioactivity was
determined as counts per minute by b-scintillation counting. Results are ex-
pressed as the change in counts per minute (mean counts per minute in the
presence of antigen minus mean counts per minute in the absence of antigen) for
each antigen at each time point for each animal. A positive result was taken as
a mean counts per minute value of cultures stimulated with antigen that was
greater than three times the mean counts per minute of unstimulated cultures
and also greater than 2,000.

IFN-g ELISA. Duplicate cultures of peripheral whole blood diluted 1:1 in
culture medium (120 ml of blood–120 ml of medium per well in 96-well flat-
bottom microtiter trays) were incubated in the presence or absence of antigen
(10 mg/ml) for 24 h by the method described by Emery et al. (6). Neat superna-
tants harvested from these cultures were assessed for IFN-g content using a
commercially available antigen capture enzyme-linked immunosorbent assay
(ELISA) kit (BOVIGAM; CSL Ltd., Parkville, Victoria, Australia) and following
the manufacturer’s instructions. The results are expressed as the change in
optical density at 450 nm (DOD450 [mean OD450 in the presence of antigen
minus mean OD450 in the absence of antigen]) for each antigen at each time
point for each animal. A positive response was taken as a mean OD450 of
antigen-stimulated cell supernatants that was greater than twice the mean OD450
of unstimulated cell supernatants and also greater than 0.2.

IL-2 bioassay. IL-2 in neat peripheral blood (1:1 with antigen as for the IFN-g
ELISA described above) 24-h culture supernatants was measured by determining
the ability of each supernatant to maintain the proliferation of lymphoblasts
generated by stimulation with concanavalin A (ConA) by the method of Emery
et al. (6). Peripheral blood culture supernatants (50 ml) were added to the ConA
blasts (104/well) in duplicate. The plates were incubated for 24 h at 37°C in 5%
CO2, pulsed with tritiated thymidine, and harvested 24 h later. The specificity of
this bioassay for IL-2 has been previously determined by inhibition with a mono-
clonal antibody specific for the alpha subunit of the IL-2 receptor CD25 (11, 18).
The results are expressed as the proliferation (change in counts per minute) of
IL-2-dependent ConA blast cells (i.e., the mean counts per minute of cells in the
presence of antigen-stimulated supernatant minus the mean counts per minute
of cells in the presence of unstimulated control supernatant). A positive result
was taken as a mean counts per minute value of ConA blasts in the presence of
antigen-stimulated supernatants that was greater than three times the mean
counts per minute of blasts in the presence of unstimulated supernatants and also
greater than 2,000.

RESULTS
Pathological findings. Gross tuberculous lesions were ob-

served in all four infected animals, i.e., in the lateral and
medial retropharyngeal, right submandibular, and bronchial
lymph nodes of CN1109; in the medial retropharyngeal, bron-
chial, and mediastinal lymph nodes and also in the larynx,
trachea, and lungs of CN1098; in the lateral and medial retro-

pharyngeal, submandibular, bronchial, and mediastinal lymph
nodes and in the nasal mucosa, trachea, bronchi, and lungs of
CN1104; and in the lateral retropharyngeal, bronchial, medi-
astinal, and mesenteric lymph nodes and in the lungs of
CN1100. The lesions were histopathologically confirmed as
tuberculous granulomas, and M. bovis was cultured from these
lesions.

Antigen-specific PBMC proliferation. The kinetics of anti-
gen-specific PBMC proliferation in all four animals (CN1104,
CN1100, CN1098, and CN1109) is shown in Fig. 1. There were
no obvious differences in the proliferative responses of these
four animals that could be attributed to the dose of M. bovis
received. While there were obvious differences between indi-
vidual animals in their responses to the antigens, there were
also similarities. First, all developed an increased response to
PPD-M relative to PPD-A by 6 weeks postinfection. This M.
bovis-specific response was the strongest proliferative response
observed (maximum, approximately 60,000 to 130,000 cpm)
and was maintained in all of the animals at higher levels rela-
tive to the avian tuberculin throughout the infection period.
Second, responses to ESAT-6 developed as rapidly in two of
the four animals and were, after PPD-M, the strongest re-
sponses to any of the other antigens in our panel (maximum,
20,000 to 50,000 cpm). A response to Ag85 was observed at
only one time point (12 weeks postinfection), while positive
responses to MPB64, MPB70, and MPB83 were observed at
two or three time points (peaks of activity at 6 to 7, 12 to 14,
and 20 weeks postinfection). Responses to these antigens were
relatively weak compared to responses to ESAT-6 (approxi-
mate maxima: Ag85, 10,000 to 20,000 cpm; MPB64, 10,000 to
16,000 cpm; MPB70, 7,000 to 21,000 cpm; MPB83, 2,500 to
35,000 cpm).

The heat shock proteins, particularly hsp16.1 and hsp70,
were the first antigens to stimulate a positive proliferative
response 2 to 3 weeks after infection with M. bovis. However,
these responses were among the lowest overall proliferative
responses observed, none of them exceeding 10,000 cpm. In
addition, responses to the heat shock proteins were periodic
(peaks of activity at 2, 6 to 8, 10 to 14, and 20 weeks postin-
fection). No positive proliferative responses were observed
after stimulation with 38kD lipoprotein. One animal (CN1100)
displayed a very restricted recognition of antigens compared to
the other three, responding only to PPD-M and ESAT-6.

Antigen-specific cytokine production. (i) IFN-g. Figure 2
shows the antigen-specific IFN-g responses of all four animals
(CN1104, CN1100, CN1098, and CN1109). IFN-g responses to
bovine tuberculin were detected between 2 and 7 weeks after
infection with M. bovis. Similar to proliferation, the IFN-g
response to PPD-M was thereafter maintained above that of
the response to PPD-A. An IFN-g response to ESAT-6 was

TABLE 1. Mycobacterial antigens used in this study

Antigen Characteristic(s) Reference(s)

PPD-A M. avium (environmental) tuberculin
PPD-M M. bovis tuberculin
ESAT-6 6-kDa early secreted antigenic target 29
Ag85 Native antigen complex, intracellular and secreted glycoprotein, fibronectin binding 34
38 kD lipoprotein Glycosylated lipoprotein, intracellular and secreted 37
MPB64 Secreted protein, absent in some strains of BCG 13
MPB70 Soluble, secreted 17, 24
MPB83 Exported lipoprotein associated with bacterial surface 9, 35
hsp16.1 Somatic stress protein 30
hsp65 Somatic stress protein 39
hsp70 Somatic stress protein 35
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observed in all of the animals almost concurrently with the
IFN-g response to PPD-M, and the strengths of these re-
sponses were very similar (maximum OD450: PPD-M, 2.4 to
3.1; ESAT-6, 1.8 to 3.1). IFN-g responses were also observed
in the absence of and before the onset of proliferation. This
was particularly noticeable in animal CN1109, in which prolif-
erative responses were relatively low or absent before 12 weeks
postinfection, yet strong IFN-g responses to all of the antigens
tested were observed during this period, from as early as 4
weeks postinfection. Similarly, IFN-g responses were observed
in the absence of proliferation in CN1100 to Ag85 and hsp70;
in CN1104 to Ag85, MPB70, and MPB83; and in CN1098 to
Ag85 and MPB70.

(ii) IL-2. Figure 3 shows the antigen-specific IL-2 responses
of all four animals (CN1104, CN1100, CN1098, and CN1109).
PPD-M, PPD-A, and ESAT-6 elicited positive IL-2 responses
between 2 and 6 weeks postinfection. These antigens, together
with Ag85, induced the strongest IL-2 responses observed
(maximum, 9,000 to 20,000 cpm). The IL-2 responses to all of
the other antigens tested were relatively low (most were less
than 5,000 cpm). Similar to the IFN-g responses described
above, IL-2 responses were also observed in the absence of and
before the onset of proliferation, e.g., in CN1109 to Ag85,
MPB64, MPB70, and hsp65; in CN1098 to Ag85 and MPB83;

in CN1104 to Ag85, MPB83, and MPB70; and in CN1100 to
Ag85 and MPB64.

DISCUSSION

This report describes the specificities of T-cell responses in
cattle experimentally infected with M. bovis and follows the
kinetics of these responses from infection to the development
of tuberculous lesions. Antigen-specific T-cell proliferation
and IFN-g and IL-2 responses to a panel of mycobacterial
antigens were assessed at regular intervals throughout the in-
fection period.

All four calves responded in broadly similar manners in that
positive responses generated to bovine tuberculin and ESAT-6
were largely sustained throughout the infection period, while
responses to all of the other antigens tested displayed marked
periodicity within each individual animal, and positive re-
sponses to these latter antigens were not always detectable.
These results are in full agreement with those of Fifis et al. (8),
who showed that the cellular response of M. bovis-infected
cattle to individual antigens not only varied between animals
but also changed over the time course of infection. Whether
this periodic nature of antigen recognition in cattle is related to
the turnover of mycobacterial growth in vivo (data suggest

FIG. 1. Proliferative responses of PBMC of individual cattle to each antigen (10 mg/ml) following intratracheal infection with M. bovis. Results are expressed as the
change in counts per minute (D CPM; i.e., mean counts per minute of PBMC stimulated with antigen minus mean counts per minute of unstimulated PBMC) for each
time point.
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intervals of 5 to 7 weeks between peaks of cellular activity) or
due to the sequestration of reactive clones, as suggested for
human tuberculosis (27), or some other form of suppression is
unknown. Presumably, clones reactive to immunodominant an-
tigens such as ESAT-6 may be present in the circulation at a
higher frequency and therefore would not be so noticeably
affected by sequestration.

Our experimental bovine tuberculosis data confirm ESAT-6
as a good candidate antigen for diagnosis (22). However, a
recent study of naturally infected field reactors showed that
ESAT-6 elicited positive proliferative responses in just 67% of
the animals tested (32). Therefore, cocktails of different anti-
gens, rather than reliance upon a single antigen, are required
for confidence in the diagnosis of large numbers of cattle from
diverse genetic backgrounds. This is further illustrated by the
use of protein (5) and peptide (32) cocktails of several myco-
bacterial antigens, including ESAT-6, MPB64, MPB70, and
MPB83, to differentiate between BCG-vaccinated and M. bo-
vis-infected cattle. The use of cocktails also avoids the possi-
bility of selecting for deletion mutants of M. bovis, i.e., those
lacking that particular diagnostic antigen, such as described for
strains of M. tuberculosis which do not express the 19-kDa
lipoprotein (12).

In our study, proliferation generally coincided with cytokine
(IFN-g and IL-2) production; however, there were some no-

ticeable discrepancies. For example, modest proliferation re-
sponses to Ag85 were observed only at week 12 whereas this
antigen appeared to be a strong stimulus for the production of
both IFN-g and IL-2 at a number of time points both before
and after week 12. Similarly, we observed cytokine responses to
a number of other antigens, including hsp65, hsp70, MPB64,
MPB70, and MPB83, both in the absence of proliferation and,
in some cases, before the onset of proliferative responses fol-
lowing infection. In particular, one animal (CN1100) that had
a very limited antigen-specific proliferation response (tubercu-
lin and ESAT-6 only) nevertheless showed positive cytokine
responses to other antigens (e.g., IFN-g and IL-2 responses to
Ag85 and IL-2 response to MPB64).

These results all support the measurement of antigen-spe-
cific cytokine responses as a method of early, sensitive detec-
tion of infection. How cytokine responses compare with detec-
tion by the tuberculin skin test is not known. However, the fact
that cytokine tests may detect infected animals as early as 2 to
3 weeks after infection, together with the convenience of a
single farm visit and test result availability within 48 h, has
obvious attractions. We are aware that the final measurements
in this study, of T-cell proliferation and cytokine production,
were made 2 weeks after the tuberculin skin test, which may
have had some boosting effect upon the cellular responses.
This was most noticeable in our study in the PBMC prolifer-

FIG. 2. IFN-g responses of whole-blood cultures of individual cattle following intratracheal infection with M. bovis. Results are expressed as the change in OD450
(DO.D.450nm; i.e., mean OD450 of culture supernatants following stimulation with antigen [10 mg/ml] minus mean OD450 of unstimulated culture supernatants) for
each time point.
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ative responses of two of the four (high-dose) animals. The
boosting effect of skin testing upon PPD-specific IFN-g pro-
duction in whole-blood cultures from M. bovis-infected cattle
has been previously documented (28). However, while we be-
lieve that skin testing may have contributed to the responses
seen immediately prior to necropsy, boosting of all responses
was not apparent at this time point in all of the animals, and
therefore, measurements taken at this time point may also
constitute part of the natural fluctuations observed in individ-
ual-antigen recognition.

In summary, this report describes in detail the lymphocyte
proliferation, IFN-g, and IL-2 responses of M. bovis-infected
cattle to a panel of defined mycobacterial antigens, from in-
fection to the development of tuberculous lesions. This study
confirms that ESAT-6 is a dominant antigen during the early
stages of M. bovis infection in cattle. However, our results
support the rationale for using cocktails of antigens for diag-
nostic assays, rather than relying on individual antigens in
order to counter the variability observed in antigen recognition
throughout the infection process. This study also confirms that
the detection of antigen-specific cytokine production would be
a useful tool for the early diagnosis and identification of M.
bovis-infected cattle.
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